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ABSTRACT

Aprotic Li-O9 batteries are considered promising energy storage devices for mobile
applications, as they have a high theoretical energy density that significantly ex-
ceeds that of state of the art lithium-ion batteries. However, they are still far from
commercialization as they suffer from low lifetime and high charge overpotential.
A further problem are numerous degradation reactions, many of which are related
to dissolved Oo. This work investigates the influence of O dissolved in the liquid
electrolyte on the lithium anode, which could not be clarified in the literature so far.

First, a systematic study of the solubility and diffusion of Oy in different elec-
trolytes is performed. Both an experimental approach and molecular dynamics
simulations are used to determine the diffusion coefficient. Good agreement is found
between theory and experiment, demonstrating that both methods are suitable for
the determination of the diffusion coefficient. Moreover, a correlation between the
experimentally determined Os solubility and the surface tension of the solvent is
established, which will allow the prediction of Og solubility in other solvents in the
future. Overall, these findings significantly reduce the amount of work required to
determine O solubility and diffusivity, thus facilitating the transfer of the results
to other electrolytes.

Since it was previously unclear, due to conflicting literature, whether dissolved
O2 has a positive or negative effect on the stability of the lithium metal anode,
this issue is further investigated. Lithium deposition and dissolution experiments
demonstrate that the Coulomb efficiency can be significantly increased by dissolved
0. This can be attributed to reduced degradation of the conducting salt using X-
ray photoelectron spectroscopy. In addition, freshly deposited lithium is compared
to a commercial lithium foil. The reactivity of the native passivation layer on the
lithium foil differs significantly from freshly deposited lithium with respect to the
influence of dissolved Os, which is a possible reason for the apparently contradictory
statements in the literature.

Overall, the results obtained in this work significantly improve the understanding
of the interaction between dissolved O2 and the lithium metal anode. Furthermore,
the results are not only relevant for research on Li—Oq batteries, but also of interest
for other metal-Os batteries or lithium metal batteries.
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ZUSAMMENFASSUNG

Aprotische Li—Oo-Batterien gelten als vielversprechende Energiespeicher fiir mobile
Anwendungen, da sie eine hohe theoretische Energiedichte aufweisen, die deutlich
iiber der von Lithium-Ionen-Batterien nach dem aktuellen Stand der Technik liegt.
Sie sind jedoch noch weit von der Kommerzialisierung entfernt, da sie unter einer
geringen Lebensdauer und einer hohen Ladeiiberspannung leiden. Ein weiters Prob-
lem sind zahlreiche Degradationsreaktionen, von denen viele im Zusammenhang mit
gelostem O stehen. Diese Arbeit untersucht den Einfluss von im Fliissigelektrolyten
gelostem Oy auf die Lithiumanode, der in der Literatur bisher nicht geklart werden
konnte.

Zunachst wird eine systematische Studie iiber die Loslichkeit und Diffusion von
O3 in verschiedenen Elektrolyten durchgefithrt. Zur Bestimmung des Diffusionsko-
effizienten werden sowohl ein experimenteller Ansatz als auch molekulardynamische
Simulationen verwendet. Dabei wird eine gute Ubereinstimmung zwischen Theorie
und Experiment festgestellt, was zeigt, dass beide Methoden fiir die Bestimmung
des Diffusionskoeffizienten geeignet sind. Dartiber hinaus wird eine Korrelation
zwischen der experimentell ermittelten Oo-Loslichkeit und der Oberflichenspannung
des Losungsmittels hergestellt, was in Zukunft die Vorhersage der Os-Loslichkeit in
anderen Losungsmitteln ermoglicht. Insgesamt reduzieren diese Erkenntnisse den
Arbeitsaufwand zur Bestimmung von Os-Loslichkeit und -Diffusivitat erheblich und
ermoglichen somit den Transfer der Ergebnisse zu anderen Elektrolyten.

Da bislang aufgrund widerspriichlicher Literatur unklar war, ob sich gelostes Oq
positiv oder negativ auf die Stabilitat der Lithium-Metall-Anode auswirkt, wird diese
Fragestellung weiter untersucht. Lithium Abscheidungs- und Auflésungsexperimen-
te zeigen, dass die Coulomb-Effizienz durch gelostes O9 deutlich erhéht werden kann.
Das kann mit Hilfe von Rontgen-Photoelektronenspektroskopie auf eine verringerte
Degradation des Leitsalzes zuriickgefithrt werden. Dariiber hinaus wird frisch ab-
geschiedenes Lithium mit einer kommerziellen Lithium-Folie verglichen. Die Reak-
tivitdt der nativen Passivierungsschicht auf der Lithium-Folie unterscheidet sich in
Bezug auf den Einfluss von gelostem O deutlich von frisch abgeschiedenem Lithium,
was eine mogliche Ursache fiir die scheinbar widerspriichlichen Aussagen in der Lit-
eratur ist.

Insgesamt konnen die in dieser Arbeit erzielten Ergebnisse das Verstandnis der
Wechselwirkung zwischen geléstem Og und der Lithium-Metall-Anode erheblich
verbessern. Dariiber hinaus sind die Ergebnisse nicht nur fiir die Forschung an Li-
Os-Batterien relevant, sondern auch fiir andere Metall-Os-Batterien oder Lithium-
Metall-Batterien von Interesse.
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1 INTRODUCTION

In recent years, we have been increasingly confronted with the consequences of cli-
mate change in the form of extreme weather events and an increase in tempera-
ture. In order to slow down climate change, greenhouse gas emissions have to be
minimized. Therefore, energy production has to shift from fossil fuels to renewable
energies. In Germany in particular, a relevant share of CO5 emissions is attributable
to the transport sector. Unfortunately, in contrast to many other sectors, no signif-
icant improvements have been achieved in this area. Emissions here have even risen
minimally in the last two years.l) In order to achieve the emission target of Ger-
many being climate neutral by 2045,/2 however, the transport sector will also have
to make its contribution. For this, it is imperative to replace combustion engines
with electric vehicles. In addition to the legal basis, it is important to improve the
acceptance of electric cars in society. Apart from the price, both driving range and
charging rate play an important role for this. To ensure that the trend towards more
electric cars is sustainable, it is also important to use environmentally friendly and
socially compatible materials. For all these factors, the battery is the bottleneck,
which means that for the improvement of electric cars, the development of better
batteries is the main objective.4

For a longer driving range, it is necessary to increase the energy density and spe-
cific energy of the batteries. However, the lithium-ion batteries (LIBs) that are cur-
rently used in electric vehicles have nearly reached their theoretical limit of specific
energy, necessitating the need for new energy storage systems.[*®! One possibility
to further improve the energy density is to replace the conventional graphite anode
(Qgraphite = 372mAhg™!) with a lithium metal anode (Qr; = 3860mAhg™!), re-
sulting in a lithium metal battery (LMB).[%) Another possibility is to use metal-Os
batteries. These have a particularly high energy density, as they can potentially
use O9 from the ambient air, which does not contribute to the weight of the bat-
tery, at least when charged.»”l A particularly high theoretical specific energy can
therefore be achieved by combining a lithium metal anode with an Os cathode
(3485thg_1),[8] which makes Li—Og batteries an especially interesting battery
system. The specific energy that can be achieved in practical systems is signifi-
cantly lower, however at an estimated 450-600 W h kg—![8! it is still higher than that
possible by optimizing LIBs (387 W hkg~1)[.

However, there are still many obstacles standing in the way of commercializing
the Li—O battery: Charging the battery involves a very high overpotential, which
leads to poor energy efficiency. In addition, the high voltage required for full charging
of the battery can lead to degradation of the cathode and electrolyte. Another
problem is the reactivity of various oxygen intermediates present in the battery
during cycling, which can also lead to oxidative decomposition of the electrolyte.
The use of a lithium metal anode is also associated with challenges, since reactions
between lithium metal and the electrolyte can hardly be avoided and lead to the
loss of lithium and the electrolyte.[>1% If the O, for cycling is to be supplied from
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the ambient air, it must also be taken into account that moisture, COo and No
contaminations can also enter the battery.l'!] Despite a lot of research on Li-Os
batteries in recent years, the battery is unfortunately still a long way from actually
being used in electric cars or other applications. !

In Li-Og batteries, the O2 that is dissolved in the liquid electrolyte can diffuse
to and react with the lithium electrode, affecting its stability. The aim of this
work is to gain a better understanding of the impact of O2 crossover on the lithium
electrode. In the literature, there have already been various attempts to shed light
on the subject, but no clear result has yet been found, as various studies have come
to opposite conclusions.1%12-17 For this purpose, the basics of the Li-Og battery
(section 2.1) and different models to characterize solubility and diffusivity of gases
(section 2.2) are described and the existing literature on Oy crossover to the lithium
electrode (section2.3) is summarized. Thereafter, the two publications describing
the results of this doctoral thesis are presented.

The first publication ”Understanding the Transport of Atmospheric Gases in Lig-
uid Electrolytes for Lithium—Air Batteries” deals with the solubility and diffusion
of the gases Oz, No and COs in different electrolytes that can be used in Li—Oq
batteries (section3.1). For the experimental determination of the solubility and
the diffusion coefficient, gas uptake measurements were carried out. In addition,
the diffusion coefficients were calculated by molecular dynamics (MD) simulations.
Different models for describing the solubility of gases are used to evaluate the solu-
bilities obtained, which can in the future help to predict gas solubilities in different
electrolytes. Furthermore, the experimental and simulated results of the diffusion
coefficients were compared and a good qualitative agreement between theoretical
and experimental approaches could be found.

In the second publication ”The Influence of Oxygen Dissolved in the Liquid Elec-
trolyte on Lithium Metal Anodes” the influence of dissolved Oy on the lithium elec-
trode is then investigated in more detail (section 3.2). For this, lithium plating and
stripping in Oz-containing and O-free electrolytes were compared. In addition, sur-
face analytics (i.e. scanning electron microscopy (SEM) and x-ray photoelectron
spectroscopy (XPS)) were used to compare the morphology and composition of the
solid—electrolyte interphase (SEI) from Os-containing and Os-free electrolytes. A
beneficial influence of dissolved O5 was found in all experiments. Finally, the sur-
face of the plated lithium was compared with commercial lithium foil and a large
influence of the native passivation layer (NPL) on the commercial film was observed.
The results obtained in these experiments can help to understand the different con-
tradicting conclusions in the previous literature.[10:13:14]

The present work is a first step towards a better understanding of the influence
of Oy crossover on the lithium electrode. Also the gained knowledge of the solubility
and diffusivity of O9 in the electrolyte leads an important contribution for this. The
improved understanding of the positive effect of Oy but also CO2 can be important
building blocks for the realization of the lithium metal anode in the future.









2 FUNDAMENTALS

2.1 The aprotic Li—O, Battery

2.1.1 Reactions in Li—O, batteries

The aprotic Li—O9 battery was first described by Abraham and Jiang in 1996. Their
electrochemical cell consisted of a lithium metal anode, a polymer electrolyte and a
composite carbon cathode in contact to an Oy permeable membrane. They identi-
fied Li2O9 as discharge product that was formed via the following overall reaction
(equation 1).[18]

2Li + Oy = Liy05 E° =296V (1)

Although different cell architectures of Li—Oq batteries are possible, this is still
the fundamental reaction taking place during charge and discharge. An aprotic Li-
O, cell consists of a lithium metal anode, an aprotic liquid electrolyte and a porous
cathode in contact to an O reservoir (figure1).

|8

Li anode liquid electrolyte cathode

Figure 1: Architecture of a Li—-O, battery with aprotic liquid electrolyte.

In the conventional aprotic Li-Og battery, lithium foil is usually used as an-
ode. Other anode materials such as graphite are theoretically also conceivable.
However, lithium metal has the highest possible specific capacity and is there-
fore the preferred material in terms of energy density (Qr; = 3860mAhg=! vs.
Qgraphite = 372 mAhg! for LiCG).[G] On the other hand, lithium metal is strongly
reducing and dealing with its high reactivity can be difficult, as further described
in section 2.1.2.6:191 The anode is in direct contact with a Li* ion conducting liquid
electrolyte which separates anode and cathode from each other. The electrolyte
consists of an aprotic organic solvent and a conducting salt. Optionally, a mixture
of several solvents or conducting salts, as well as further additives (see section 2.1.3)
can be used.[2921) Also for the cathode, many different types of materials have been
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employed. Porous carbon cathodes have, however, become established.®l To use
O, as an active material, the battery must be open to an Os reservoir so that Oq
can dissolve in the electrolyte and subsequently be reduced at the cathode during
discharge. The easiest way to achieve this is with a closed gas reservoir. However,
this adds to the total weight of the battery, so it is worthwhile to use Oy from
the ambient air. Unfortunately, this can lead to other problems: Since ambient air
contains only 21% Os, the partial pressure of O is lower, which has consequences
for the concentration gradient of Oy in the electrolyte and the availability of Og at
the cathode. In addition, volatile solvents can evaporate from the electrolyte when
the cell system is open to the outside.?2 Furthermore, HyO, CO5 and Ny can enter
the battery from ambient air and react with the anode. CO5 and H5O also have a
major influence on the discharge mechanism and the stability of the discharge prod-
uct Lis Oy, as LiOH and LiCOj3 can be formed in side reactions.[®11:23] This can be
partially solved by additional membranes, which are intended to prevent the pene-
tration of e.g. HoO and the evaporation of the solvent. However, such membranes
are still under development.[24
In order to get a better insight into processes occurring during cycling, it it worth
taking a closer look into the discharge process. At the anode, lithium is first oxidized
forming Li* ions (equation?2) that subsequently migrate through the separator to
the cathode.
Li=—LiT +e” (2)

At the cathode, there are two different mechanisms for the discharge process, which
can occur depending on the choice of electrolyte.[2526] Either way, dissolved O
is reduced to Oy~ at the cathode surface and recombines with LiT to form LiOs
(equation 3):

Lit +e” 4+ 0y = LiO, (3)

At this point the mechanism depends on which electrolyte is used. If LiO3 is not sol-
uble in the electrolyte, it is further reduced at the cathode to form the final discharge
product LisOy (equation4). This is referred to as the surface-based mechanism. 26

Li" + e~ 4 LiOy = LiyO» (4)

However, if LiOs is soluble in the electrolyte, LiOs can disproportionate to LisOq
and O, in the solution-based mechanism.26:27]

2Li09 == Lis 09 + Oy (5)

As mentioned before, which mechanism takes place depends on the LiOs dissolving
ability of the electrolyte. For this property, the solvents Lewis basicity is relevant,
which can be quantified using the Gutmann donor number (DN). In solvents with a
high DN; i.e. strong Lewis bases such as dimethyl sulfoxide (DMSO), LiOs is soluble
and the solution-based mechanism takes place.[28! Solvents with a low DN such as
acetonitrile (MeCN), however, lead to the surface-based discharge mechanism.?7]
Furthermore, the discharge mechanism can be influenced by the current density. At
high current densities, even in solvents with a high DN, LiOs is directly reduced at
the cathode in the surface-based mechanism (equation 4).[28:29]

Which of the two mechanisms takes place has a great influence on the morphology
and distribution of the discharge product. Since the LiOs cannot be transported
away from the cathode in the surface-based mechanism, LioO2 forms as a thin film
where the Og was initially reduced. Due to the poor electrical conductivity of
LisO9, this passivates the cathode resulting in a rather low discharge capacity. In
the solution-based mechanism however, transport of LiOs through the electrolyte
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leads to a better distribution of LioOs that precipitates as larger toroidal particles.
Consequently, a higher utilization of the cathode and an improved discharge capacity
can be achieved.[27:28l

Since no LiOs could be detected as intermediate during charging, it can be
assumed that charging does not occur in a reversed way of the discharge mechanism.
Hence, the transfer of two electrons is required for the electrochemical decomposition
of LizO (equation 6).[2]

LisOy —— Og + 2LiT +2e” (6)

However, the oxygen evolution reaction (OER) is associated with a very high over-
potential.

2.1.2 Limitations of Li—O, batteries

Overall, the Li—O9 battery promises many advantages, especially in terms of energy
density and specific energy. However, the commercialization of Li—Os batteries
is still hindered by major challenges and limitations.?1930 As shown in figure2,
these problems can be divided into three categories: lithium metal anode related
limitations, cathode related limitations and electrolyte degradation.

Figure 2: Challenges of Li—O, batteries including anode related limitations, cathode
related limitations and electrolyte stability.

The use of a lithium metal anode is indispensable when aiming for the highest
possible energy densities, but it also brings many challenges.[6! The strongly reducing
nature of lithium leads to side reactions with the electrolyte. This applies to both
the solvent and the conducting salt, as well as species dissolved therein, such as
Os or additives.[6:1931 A1l side reactions with the lithium metal anode result in
a loss of lithium and thus a loss of capacity. Therefore, lithium must be used in
excess, which in turn increases the weight of the battery.®6] The same applies to
the electrolyte, as drying out of the battery due to loss of solvent in side reactions
should be prevented. In addition, the reductive decomposition of the electrolyte
causes a layer of side reaction products to form at the SEI. Ideally, this SEI should
completely cover the lithium metal anode so that further side reactions are prevented
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by passivation of the electrode. In addition, the SEI must have a high degree of
flexibility and mechanical stability to prevent cracking. However, ensuring stable SEI
during cycling is difficult because the volume of the electrode changes significantly
during plating and stripping of lithium.[61932] In addition, lithium is not always
deposited homogeneously and dendrites tend to form during lithium plating. An
inhomogeneous SEI can intensify this effect, since there is preferential deposition of
lithium in cracks in the SELB3 The dendrites can grow through the separator to
the cathode and thus create a short circuit. This is not only detrimental for the
battery, but also poses a significant safety risk. 3619

At the cathode, there are also challenges that need to be overcome: One of the
main problems is that the discharge product is not well distributed in the cathode,
which reduces the discharge capacity. This may be due to the discharge mechanism.
When the surface-based mechanism takes place, only a thin film of LisOs can be
formed on the cathode before the low conductivity of LisOs prevents further dis-
charging.[® Furthermore, pores of the cathode can be clogged by LisOs and are then
no longer available as electrochemically active surface.8) Moreover, the majority of
Lis O is often deposited at the Os reservoir-facing side of the electrode, so that only
a fraction of the electrode is utilized. Due to the sluggish diffusion of Oy through
the electrolyte, the reduction of Oo directly occurs at the outer parts of the elec-
trode and Og cannot penetrate the whole cathode because diffusion paths become
too long.[*¥ In addition, the dissolution of the LipOs during charging is associated
with a very high overpotential which reduces the energy efficiency of the battery. 3%
Furthermore, the high voltage that has to be applied for this can lead to degrada-
tion of the carbon cathode.3® Another problem is the high reactivity of the LizOs.
Side reactions can occur both at the LioOs—electrolyte interface and at the LioOo—
electrode interface (equation 7). This results in the formation of a LioCOgs film on
the LisOg surface which increases the overpotential during charging and makes it
even more difficult to fully charge the battery.[3”)

2Lis09 +2C + Oy — 2Li5CO3 (7)

Furthermore, degradation of the electrolyte is another challenge. There are ex-
tremely high requirements for the stability of the electrolytes in Li—O9 batteries.
On the one hand, the electrolyte must be sufficiently stable towards the lithium
metal anode.[® Secondly, it must also be stable towards reactive oxygen species (e.g.
102[38’40], 0y 4] and also L1202[37]) in order to avoid oxidative decomposition. Al-
though this applies to all electrolyte components, the following section will focus on
solvents.

Reductive decomposition can be observed to some extent in all electrolytes. In
ether and carbonate based electrolytes, a covering SEI of insoluble reaction products
(e.g. LiOH, Liy0O, LiyCOs3, LiOR, LiOOCR) can form, protecting the anode from
further reactions.’*?) For DMSO, MeCN or amide based electrolytes, however, such
a protective SEI can usually not be observe.2%42 In order to obtain a more stable
SEI, SEI forming additives are of particular importance in these electrolyte systems.

Ethers are the solvents that are considered the most stable towards reduction at
the lithium metal anode.20-21 However, they are prone to oxidative decomposition.
The proposed mechanism of ether decomposition by Os is shown in figure 3.[41 Apart
from Oy, oxidative decomposition reactions can also involve Oo , LisOo and 10,.
The superoxide radical anion Oy~ for example is both a very strong nucleophile and
a strong base. Degradation of the solvents can therefore take place by acid-base
reactions and by nucleophilic attacks.?6:31 Especially DMSO (S=0) and carbonyl
compounds (C=0) that are for example present in carbonates are susceptible to
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Figure 3: Decomposition mechanism of ether-based solvents by O,~.[41]

nucleophilic attacks by Os .13l For the stability of ionic liquids (ILs), on the other
hand, the basic nature of O5~ is the main problem, since O can abstract a proton
from many organic cations in an acid-base reaction and thus lead to degradation of
the IL.[*445] Also 'O, which can form during cycling, is discussed as a source of

detrimental side reactions as it is highly reactive.[3340

2.1.3 Electrolyte design

Many of the challenges mentioned in section2.1.2 can be addressed by a tailored
design of the electrolyte. An important point is, of course, the selection of the
solvent and the conducting salt. Another strategy is the addition of electrolyte
additives.

The solvents used are mainly various ethers and amides, as well as DMSO and
MeCN.[2021] Carbonates, which are common in LIBs, are usually not employed be-
cause they do not have sufficient stability against reactive oxygen species, especially
O, .146:47] When selecting the solvent, stability is the most important factor, as it is
crucial for safety and the lifetime of the battery. Since the discharge mechanism and
thus the discharge capacity depend to a large extent on the DN of the electrolyte,
this should also be taken into account.

The most commonly used conducting salts are lithium bis(trifluoromethane-
sulfonyl)imide (LiTFSI), lithium bis(fluorosulfonyl)imide (LiFSI), lithium triflate
(LiOTf), LiNOgs, LiClOy4, LiPFg LiBF, and lithium bis(oxalato)borate (LiBOB).
However, most of these salts are not completely stable and are decomposed at the
anode.[*8! However, a limited amount of degradation is often accepted in order to
specifically improve the properties of the SEI, e.g. by increasing its LiF-content.
Another strategy to protect the anode is to use high concentrations of the conduct-
ing salt. By increasing the salt concentration, fewer solvent molecules per ion are
available for solvation. This leads to anions and cations sharing parts of the solvate
shell (shared solvent ion pair; SSIP) or even being in direct contact with each other
(contact ion pair; CIP) as depicted in figure 4. In these so-called solvent-in-salt elec-
trolytes, there are no free solvent molecules left that are not involved in the solvation
of ions. Therefore, detrimental side reactions of the solvent are strongly reduced.
This especially applies to reactions with the anode, which is reflected in a much
more homogeneous and stable SEI.[49-51]
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Figure 4: Schematic depiction of SSIP and CIP.
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Another possibility is to use SEI-forming additives. These are compounds that
are added to the electrolyte in low concentrations to react with the anode, thereby
improving the properties of the SEL. Some additives, such as fluoroethylene carbon-
ate (FEC)P? and vinylene carbonate (VC)P3, are already known from LIBs and
LMBs. FEC is particularly popular because it leads to a stable LiF-rich SEI. How-
ever, when used in combination with a lithium metal anode, FEC is often consumed
continuously, requiring high concentrations.l) Additionally, it is unclear whether
these findings can be transferred to Li—Os batteries since most studies on SEI-
forming additives for lithium electrodes involve LMBs and it is unclear whether
their efficacy is affected by the presence of dissolved Os.

Furthermore, the stability of the electrolyte and the cathode can be improved by
quenching reactive intermediates. For example, to prevent degradation by 'Os, 1-
pentyl-1,4-diazabicyclo[2.2.2]octan-1-ium (DABCOnium) can be added as a singlet
quencher, which significantly increases the lifetime of the cells.’ However, this
approach is more difficult with other reactive species. Since the presence of Oy, for
example, is relevant for the discharge process, it cannot simply be quenched.

The high charge overpotential is another problem that can be solved by using
electrolyte additives that assist the OER. Redox mediators (RM) are compounds
that can be oxidized at a redox potential that is slightly higher than the standard
potential of the Li-Oy battery (2.96 V)['8]. When charging the battery, this reaction
takes place forming the oxidized form of the RM (RM®) as shown in equation 8.

2RM = 2RM + 2e" (8)

Subsequently, the oxidized RM can chemically react with precipitated LisOs forming
O2 and recover the RM (equation9).

LioO2 + 2RM®™ == Oy + 2LiT + 2RM (9)

This reduces the voltage required to charge the battery to a value close to the
redox potential of the RM. The lower voltage during charging improves the energy
efficiency of the battery and prevents cathode degradation, which occurs at high
voltages. Moreover, this enables the decomposition of LioO9 without direct contact
to the cathode, which would not be accessible for electrochemical reactions.[557
The disadvantage of many RMs, however, is that the stability towards the lithium
electrode or reactive oxygen intermediates is not yet sufficient and the RMs degrade
after a few cycles.[?861]

RMs can also be used for the oxygen reduction reaction (ORR) during the dis-
charge process of Li—-Oq batteries, in order to enable the solution-based discharge

10
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mechanism even in solvents that do not dissolve LiOs. This can prevent film growth
of LioO9 and passivation of the electrode and thus increase the discharge capacity.
In addition, a higher current density can be achieved during discharge.[62

Another way to improve the discharge capacity is to improve the Os solubility or
diffusivity in the electrolyte. With more dissolved Oz, a larger part of the cathode
can be utilized. Furthermore, improved O transport allows higher current densities
(see section 2.2.2). To achieve this, additives such as perfluorocarbons (PFCs), that
have a particularly high gas solubility, can be used.[53-%5/This demonstrates that O
solubility and diffusion are important parameters for Li—Oq electrolytes. Therefore,
they will be explained in following section in more detail. Furthermore, it will be
discussed which other possibilities there are to specifically influence gas solubility
and diffusion in order to obtain optimized electrolytes.

11
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2.2 Diffusivity and Solubility of Gases in
Liquids

For Li—Os batteries, O2 solubility and diffusivity are important electrolyte para-
meters. Since Oy is the active material at the cathode, Os transport through the
electrolyte is a crucial factor for the limiting current density. For the selection of the
electrolyte, this means that the highest possible O3 solubility and diffusivity should
be aimed for, if high rates are required.

Also for the SEI formation at the anode, solubility and diffusivity of several gases
are relevant, since they can diffuse to the anode and be involved in side reactions
there. This also applies to all gases that emerge from degradation of cathode or
electrolyte. CO, for example can be formed by oxidative degradation of cathodel3¢!
or electrolytel*!] and is therefore often present in the electrolyte. Additionally, in
Li—air batteries, Ny from ambient air might also be dissolved in the electrolyte and
can influence the SEI as well.[1730)

This chapter summarizes models that are used to describe the solubility and
diffusivity of gases in liquids and how they can be used for designing electrolytes
with improved gas transport properties.

2.2.1 Models to Describe Gas Solubility in Liquids

There are several ways of describing the solubilities of gases in liquids. One of them
is Henry’s law. Henry’s law solubility constant H? is expressed as the ratio of the
concentration of a dissolved gas in the liquid phase CZ(;IS to the partial pressure of

this gas in the atmosphere above the liquid pgasz[%]

sol
H? = &2 (10)

Pgas
This representation is convenient because it allows direct calculation of the gas

concentration in the electrolyte at a given partial pressure of the respective gas.

Another way of describing the gas solubility in a liquid is through the Ostwald
coefficient L. It is defined as the ratio of the gas volume Vj,s to the volume of the
solvent needed to dissolve it Vi, (equation11). This is equivalent to the ratio of
the concentration of a dissolved gas in the solvent ¢, to the concentration of the

gas
respective gas in the gas phase cgggn:
V. sol
7 — Veas _ Ceas 11
- % T satm ( )
sol Cgas

Formally, the Ostwald coefficient is the equilibrium constant of gas solvation. If
L > 1, there is more gas dissolved in a liquid than in the pure gas phase with the
same volume. 66!

In order to better understand gas solubility and to assess the factors on which
it depends, various models have been developed. The two most relevant of these
are the regular solution theory and the cavity model. However, the regular solution
theory is limited to non-polar solvents and solutes. While acceptable predictions
can be made in slightly polar solvents, the regular solution theory cannot be applied
to polar solvents such as DMSO.[66:67]

The cavity model is therefore more suitable for describing the solubility of gases in
solvents that are relevant for Li—Og batteries. According to this model, the solution
of a gas in a pure solvent can be divided into two steps: First a cavity of the size of

12



2.2. DIFFUSIVITY AND SOLUBILITY OF GASES IN LIQUIDS

the solute atom or molecule has to be created. For this, work has to be carried out
against the surface tension o of the solvent. Second, the solute is inserted into the
cavity, resulting in a gain in interaction energy E between solute and solvent. For a
spherical solute with radius r, the Ostwald coefficient L at a given temperature T
can then be described as in equation 12 with kg as the Boltzmann constant:(%8!

2

g otk (12)

kgT
Assuming that F is independent of the solvent, a linear relationship between In L and
o is obtained. When plotting In L against o, E' can be determined from the y-axis
intercept and 7 from the slope of a linear regression.[% The solubility of O in various
solvents was evaluated accordingly in the first publication (see section 3.1).[69] As a
result, the gas solubility in solvents whose surface tension is known can be predicted
on the basis of a few data points. Since the surface tension of many solvents is
tabulated, this considerably reduces the effort required to estimate the gas solubility.
Accordingly, particularly good O3 solubility can be achieved in solvents with very low
surface tension. This is the case, for example, with PFCs, which have a low surface
tension due to weak intermolecular interactions and therefore exhibit excellent gas
solubilities. 7071

Despite the criticism that the model does not take into account a change of E in
different solvents and uses bulk surface tension, which does not seem to be suitable
for molecular-sized cavities, %) it works very well for a variety of different gases in
pure solvents. This is shown by the fact that the quality of linear fits is mostly very
good. Also the solute radii calculated with the the slope agree well with the van der
Waals radii determined by other methods (e.g. calculated from the co-volume b).[%%]

However, the model reaches its limits when a mixture (e.g. an electrolyte with
solvent and conducting salt) is used instead of a pure solvent. On the one hand,
it is questionable whether it can still be assumed that F remains constant. On
the other hand, the work required to generate the cavity is poorly described by
the bulk surface tension of a mixture, since the component with the lower surface
tension accumulates on the surface.l66] Therefore, to understand how gas solubility
is affected by the addition of conducting salts, other explanatory approaches are
required, which are described in the following:[%’m]

The first way of describing the salt effect relates to the hydration or solvate
shell. When dissolving a salt, solvent molecules are needed to form a solvate shell.
These molecules are then no longer available to solvate other components, e.g. gases,
resulting in a decrease in gas solubility compared to the pure solvent (the so-called
salting-out effect).[ﬁﬁ] In some systems, however, the gas solubility can also increase
(salting-in effect), which cannot be explained by this model.[66:73]

The second model is the electrostatic theory that relates the gas solubility to the
dielectric constant of the solution. According to Debye’s model, a non-electrolyte
solute is salted-out when it reduces the total dielectric constant of the solvent. If it
increases the dielectric constant, it is salted-in.[™ For this, the solute has to have a
higher total molecular polarization than the solvent, which is not the case for gases
like O9 in common organic solvents. Therefore, Oy should be salted-out according
to Debye, which is however not the case in all electrolytes.[™

In the van der Waals theory, the electrostatic model is extended by including
dispersion forces. Lyotropic salting-in occurs when the electrostatic salting-out ef-
fect is exceeded by dispersion salting-in. Lyotropic salting-in is mainly observed in
electrolytes with very large ions.[™ As salting-in of Oy in electrolytes can be under-
stood as lyotropic salting-in, O solubility in a given solvent can be modified by the
size of the anion of the conducting salt. As example, the solubility of O in different
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diethylene glycol dimethyl ether (diglyme)- and DMSO-based electrolytes is given
in figure 5. In both solvents, lithium sulfonylimides with differently sized fluorinated
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Figure 5: O, solubility in diglyme- an DMSO-based electrolytes in dependence of anion
size. Data for diglyme-based electrolytes taken from [76].

alkyl chains (LiFSI, LiTFSI, lithium bis(pentafluoroethanesulfonyl)imide (LiBETT)
and lithium bis(nonafluorobutanesulfonyl)imide (LiNFSI)) were used as conducting
salt. The solubility of O can be significantly increased when larger anions are used.

Lastly, salting-out and salting-in effects can be described by the internal pressure
of a salt solution that is related to changes in both volume and compressibility.!™?

Overall, this section shows that the understanding of the gas solubility and the
factors that can be used to influence it enable the tailored modification of elec-
trolytes, e.g. to achieve a higher O solubility. In pure solvents, the cavity model
can even be used to make a quantitative prediction. Although it is difficult to make
quantitative statements about the solubility in electrolytes with conducting salt,
the effect of different conducting salts on the gas solubility in the electrolyte can be
qualitatively compared very well. In addition, solvents and conducting salts can be
specifically selected with regard to their gas solubility.

2.2.2 Models to Describe Diffusion of Gases in Liquids

The solubility can be used to calculate the maximum concentration of a gas in the
electrolyte that can be achieved at a given pressure. However, to determine the
actual local concentration of the gases at the electrodes, knowledge of the diffusivity
is also necessary. During discharge for example, O2 is consumed at the cathode.
To replenish the Oo, it must be transported from the boundary to the gas phase
to the electrode through the electrolyte by diffusion. Side reactions at the anode
also consume the respective gas (e.g. Oz, Ny or COg) and the rate at which these
reactions occur depends critically on how fast diffusion through the electrolyte to
the anode can take place.

Any reaction involving a dissolved gas leads to the formation of a concentration

0
gradient 8—6, since the dissolved gas is depleted at the electrode. The resulting flux
x

7 of the dissolved component with a diffusion coefficient D towards the electrode can
be described by the one-dimensional case of Fick’s first law (equation 13). The minus

14



2.2. DIFFUSIVITY AND SOLUBILITY OF GASES IN LIQUIDS

sign indicates that diffusion takes place in the direction of the lower concentration.

Dac

Do (13)

j =

In a Li—O» battery with a planar cathode, for example, the transport of Os can be
considered as constant diffusion through a thin film between electrode and electrolyte
surface. According to the Nernst diffusion layer model, the Oy concentration at the
electrode is 0, since it is completely consumed there. At the electrolyte surface, the
O2 concentration CSOO; is determined by Henry’s law solubility constant H®’ and the
partial pressure of O in the gas reservoir above the electrolyte po,. With these
boundary conditions, equation 14 can be derived from equation 13 with § as the

thickness of the Nernst diffusion layer:

sol

. C
JO2 = _Doz% (14)

C|
Hg,po,

:—D02 6

The resulting Oy concentration gradient is depicted in figure 6:

lectrod electrolyte atmosphere

0 5

Figure 6: Concentration gradient of O, during discharge of a Li-O, battery with a
planar cathode according to the Nernst diffusion layer model.

From this, the limiting current I;;,, that can be achieved during discharging can
be derived as shown in equation 15 with n as the number of transferred electrons, F'
as the Farady constant and A as the electrode surface.

nFADo,HF
e (15)

In this model with a two-dimensional electrode, the limiting current is therefore pro-
portional to both Do, and Hg; and can be influenced equally by both parameters.
In addition, the limiting current can be increased by reducing § or increasing A or
y4ers [77]'

It has to be noted that real cathodes often have a three-dimensional structure
with pores etc. and are therefore more complex. The model with planar elec-
trodes can therefore only be used to a limited extent for the consideration of the Oo
concentration gradient. As a result, there are large differences in the local Oy con-
centration: Since Oy is consumed at the cathode, the concentration is highest on the
side of the cathode facing the Oy reservoir. This leads to the fact that LioO» is pref-
erentially formed there and the cathode surface cannot be utilized homogeneously,
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especially at high current densities.[?¥ Also other factors such as pore clogging have
to be taken into account.[”® When considering three-dimensional electrodes, it is
especially important to have fast O diffusion to facilitate a homogeneous utiliza-
tion of the cathode. It is therefore desirable to gain a better understanding of the
parameters on which the diffusion coefficient of Os depends.

According to the Einstein—Smoluchowski relation the diffusion coefficient of a
component can be formulated in dependence of its mobility pu:

D = pukgT (16)

For the diffusion of uncharged spherical particles with radius r, this gives the Stokes—
Einstein equation with 7 as the dynamic viscosity of the liquid:

T
p-to

= 17
o6mnr (17)

The diffusivity of different gases is therefore antiproportional to their radius. Ac-
cording to this model, the only electrolyte property that influences the diffusivity
of a given gas is therefore the dynamic viscosity, which is anti-proportional to the
diffusion coefficient. If a high Os diffusivity is desired to achieve high rates and a
high cathode utilization, the viscosity should therefore be as low as possible. How-
ever, the diffusion coefficients of all other components dissolved in the electrolyte
are increased similarly by a low 7, which may also accelerate side reactions at the
anode. As a consequence, high concentrations of conducting salts, which increase
the electrolytes viscosity, decreases the diffusion coefficient of all components in this
electrolyte. Highly concentrated electrolytes are considered to have great potential
as they can have a beneficial influence on SEI properties (see section2.1.3). How-
ever, it should be noted that the diffusion of O is particularly slow in electrolytes
in which CIPs or SSIPs are formed. This shows that it is generally important to
consider various aspects when developing and optimizing electrolytes. The diffusion
and solubility of O2 should not be lost sight of, as they are decisive for the limit-
ing current density as well as for the cathode utilization and thus for the discharge
capacity.
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2.3 Crossover

2.3.1 Interaction of different side reactions

As described in section 2.1.2, there are a number of possible side reactions and degra-
dation mechanisms in Li-O4 batteries that can affect all cell components. Often they
are divided into cathode, anode and electrolyte degradation and the different prob-
lems are considered separately. However, it is also possible that different degradation
reactions influence each other, if products from side reactions trigger further degra-
dation elsewhere. These synergistic effects are less often considered in the literature
than degradation of the individual components, although the interaction of anode,
cathode and electrolyte is also very important for the stability of the Li—Oo bat-
tery.3!l Therefore, the various possible synergistic effects between cathode, anode
and electrolyte will be discussed in the following.

In general, the electrolyte of a Li—Os battery contains the electrolyte compo-
nents, such as the solvent, the conducting salt (or a mixture of several different
solvents or conducting salts), and various additives, as described in section2.1.3. In
addition, there is dissolved Os and possibly other dissolved gases from the ambient
air (see section2.2.1). Further components can be formed by known side reactions,
which must be taken into account in subsequently: A reductive decomposition of
the electrolyte takes place at the lithium metal anode, whereby the SEI consisting of
inorganic (LiF, LizO, LisCO3) and organic (ROLi, RCOOLI, polymers) components
is formed as a solid layer on the lithium metal anode. However, soluble components
can also be formed, which can be transported through the electrolyte. Furthermore,
the electrolyte is oxidatively decomposed by dissolved Og or other reactive oxy-
gen intermediates, producing CO2 and other mostly organic electrolyte fragments.
Degradation of the cathode, e.g. by high charging overpotentials, also leads to the
formation of COs, which is then dissolved in the electrolyte. Subsequently, all of
these components can trigger further degradation reactions. An example of the syn-
ergy between electrolyte and anode degradation is that the SEI component LioO
is a strong base and can deprotonate solvents such as DMSO, leading to increased
decomposition of the electrolyte. ™

Because of their direct contact, it is obvious that there is some interaction be-
tween the anode and the electrolyte, or between the cathode and the electrolyte, and
thus a connection between the degradation reactions associated with the respective
cell components. What is less often considered is the synergy between cathode and
anode, since these are separated by the electrolyte. However, if soluble components
are formed in reactions at the electrodes, they can diffuse through the electrolyte to
the other electrode and interact with it.

A very well-known example of the crossover problem are RMs, which can be
used as electrolyte additives to catalyze OER or ORR (see section 2.1.3). By default,
these molecules have an oxidized and a reduced form that is soluble in the electrolyte.
After the RM is oxidized at the cathode, it is therefore possible that it migrates to
the anode and is reduced there. The reduced form can then migrate back to the
cathode, and the RM thus serves as a redox shuttle between anode and cathode. As
a result, the battery continuously discharges itself both during cycling and without
current flow, if crossover of the RM is not prevented.[61:80-82]

Another example is the crossover of degraded cathode components to the anode.
In a paper by Younesi et al., degraded components of the binder used at the cathode
were found to be components of the SEI on the lithium metal anode after cycling. It
was concluded that the binder is first decomposed at the cathode and that soluble or
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mobile products of this degradation reaction can subsequently diffuse to the anode
and are there incorporated in the SEL[83I

For this work, however, it is particularly relevant that the gases dissolved in the
electrolyte at the cathode can also diffuse to the anode and react there. In the case
of Og, this is explained in detail in the following section (2.3.2). But also COg or
Ny can significantly influence the composition of the SEI at the anode.

2.3.2 Oxygen Crossover to the Anode

It has been known for many years that O dissolved in the electrolyte has an influence
on the lithium electrode. Nevertheless, there have been only a few studies on this
topic so far. In addition, the authors of these studies disagree as to whether Oo has
a positive or negative influence on the lithium electrode, and there have only been
few attempts to explain the cause of the different results in the literature. In the
following, the studies that have dealt with this topic so far will be described in more
detail.

Aurbach et. al. conducted the first investigation on the impact of Oy contami-
nation in the electrolyte on lithium electrodes in 1989. The researchers observed an
improvement in the cycling efficiency of the lithium electrode in all the examined
electrolytes, namely ~-butyrolactone, propylene carbonate (PC), and tetrahydrofu-
rane (THF) with LiClO4 and LiAsFg. They concluded that dissolved Og reacts more
quickly with the lithium electrode than the electrolyte, leading to the formation of
an oxide-based protective film that reduces overpotential and dendrite formation
during cycling. They demonstrated, through SEM images, that fewer dendrites
were formed on the electrodes cycled in Os-containing electrolytes.8 However, a
comparison with later studies is difficult, since now mainly ether- or DMSO-based
electrolytes are applied in Li—O2 batteries instead of the electrolytes used in this
study.

Assary et al. then brought attention to the issue of O9 crossover in Li—O4 bat-
teries again in 2012. Through the use of in situ x-ray diffraction (XRD), they
demonstrated the formation of LiOH and LiosCOg3 on the lithium electrode during
cycling of Li-Og cells with LiOTf in tetraethylene glycol dimethyl ether (tetraglyme)
as the electrolyte. Additionally, they conducted DFT studies of ethers in an Os en-
vironment and proposed a similar decomposition mechanism as Freunberger et al.!*!]
to explain the influence of O5 on the SEI via the decomposition of ethers. However,
since they investigated Li—Osg full cells, the comparison to Os-free electrolytes was
missing and they did not provide experimental evidence, that these reactions are
indeed triggered by dissolved Oy and do not occur in e.g. argon atmosphere.[3]

In 2014, Lee et al. conducted a study on Li-Li symmetrical cells, using 1.15M
LiTFSI in DMSO as the electrolyte. They compared cells cycled in an argon
and O2 atmosphere, utilizing XPS, SEM, electrochemical impedance spectroscopy
(EIS), Fourier transform infrared spectroscopy (FT-IR), and symmetrical cell cy-
cling. Through EIS, they analyzed the chemical degradation of lithium electrodes
and discovered that in the Oo-free electrolyte, a maximum impedance was attained
after three days, followed by a constant impedance due to the formation of a stable
SEL In contrast, the impedance constantly increased in the Os-containing elec-
trolyte, indicating an unstable or incompletely covering SEI that facilitates con-
tinuous chemical decomposition of the lithium electrode. The researchers compared
SEM images of the stored lithium electrodes to support their findings, which revealed
that the Oo-free electrolyte preserved a flat, homogeneous surface, whereas the Oo-
containing electrolyte led to a rugged and moss-like lithium surface. XP spectra of
the stored electrodes exhibited significantly more sulfur-containing species, including
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S04%", SOy, S=0, and S?", as well as fluorine and even nitrogen (N—-O and Li3N)
species. FT-IR spectra yielded the same results. Therefore, the authors concluded
that dissolved Oy in the electrolyte induces significant side reactions of the lithium
electrode, particularly with DMSO but also with TFSI™. Additionally, they con-
ducted cycling experiments with Li-Li symmetrical cells that exhibited much higher
overpotentials and less stable voltage plateaus in the Os-containing electrolyte. This
was the first experimental evidence that in an electrolyte with Oy more side reactions
take place at the lithium electrode.*

In contrast to that, Roberts et. al. conducted a study on the effects of additives
(VC and LiNOj3) on the cycling efficiency of lithium electrodes. They investigated
the stripping and plating in argon and O9 atmospheres for DMSO-based electrolytes.
According to their findings, the Coulomb efficiency (CE) increased from 25% in
the Os-free electrolyte to 85% in the Og-containing electrolyte. Therefore, they
concluded that Oy contributes to the formation of a stable and protective SEI that
is not established in Os-free electrolytes.'®l Since they also used a DMSO-based
electrolyte, it can be ruled out that the results of Lee et al. are only due to the
choice of DMSO as solvent.!1415]

Later, Qiu et al. and Wang et al. observed that the SEI stability on lithium
electrodes stored and cycled in Oy atmosphere was improved compared to argon
atmosphere. They used tetraglyme-based electrolytes in Li—Cu cells and compared
lithium stripping and plating while analyzing SEI components with XPS. Both stud-
ies concluded that the SEI formed in Os-free electrolytes contains more decompo-
sition products of the conducting salt, whereas the amount of LioCOg is increased
in the Og-containing electrolyte. Although the resistance is increased in the elec-
trolyte with O, the performance during plating and stripping was improved in O»
atmosphere due to higher CE, which they explained by decreased lithium loss in side
reactions.16:17) Contrary to the conclusions of Assary et al., there are experiments for
ether-based electrolytes that show an improvement of the lithium electrode stability
by dissolved Oz. Qiu et al. also showed that the CE depends on the availability of
O, at the electrode. The O reservoir in their setup was on the side of the copper
electrode where they deposited lithium. To dissolve as much Os as possible in the
electrolyte and to optimize the availability at the electrode, they inserted holes in
the copper electrode. They observed that the CE increases with more holes and
thus better O2 availability. [16] Hence, O4 diffusion does not seem to be fast enough
to sufficiently protect the lithium electrode without the additional holes. In Li-O»
batteries, it should also be considered that the battery usually has contact with the
Og reservoir only at the cathode and the diffusion path to the lithium electrode
can therefore be very long. In addition, when discharging, Os is consumed at the
cathode.

In addition to the studies directly dealing with the influence of dissolved Oo
on the lithium electrode, there are two other publications that actually focus on
the comparison of different conducting salts, but also compare Oo-free and Os-
containing electrolytes: Saito et al. explored the effects of different conducting salts
(LiFSI, LiTFSI, and LiOTY) in tetraglyme-based electrolytes on Li-Ii and Li-O,
cells. Their initial analysis revealed that cell with LiFSI and LiTFSI as conducting
salt had higher conductivity than those with LiOTf due to their greater degree
of dissociation, which supported the reductive decomposition of anions. However,
in symmetrical cells with LiOTf, they observed poor performance and continuous
overpotential increase.®?! In addition, they conducted a comparison of symmetrical
cells with and without Og and found that Og improved lithium stripping and plating
in the LiOTf electrolyte. Similar to Aurbach et al.,[®¥ they concluded that the direct
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reaction of dissolved Oy with the lithium electrode resulted in the formation of a
protective SEI, which prevented the reductive degradation of OTf  anions.!8)

Tong et al. highlighted the importance of selecting the proper conducting salt
to suppress harmful Oq-shuttle effects. While their paper primarily focused on pro-
moting lithium (trifluoromethanesulfonyl)(n-nonafluorobutanesulfonyl)imide (LiT-
NFSI) as a superior conducting salt compared to LiTFSI, they also conducted a
comparison of symmetric cycling under argon and Og atmospheres (albeit at dif-
ferent current densities). Their findings showed that the voltage stability during
plating and stripping was notably less consistent in the Os-containing TFSI-based
electrolyte. In the TNFSI-based electrolyte, the overpotential was elevated by dis-
solved Os as well, but only slightly. They also performed SEM, XPS, and differential
electrochemical mass spectrometry (DEMS) analyses, and concluded that LiTNFSI
produced a thicker, more uniform, and Os-resistant SEI, along with reduced CO-
evolution during cycling. In their XP spectra, they observed more C and F for
TNFSI, with the difference between TNFSI and TFSI being even more significant
in the presence of Q.

The issue of contradicting literature on this topic was only raised in a review of
Liu et. al.’® They pointed out that insufficient Os supply to the lithium electrode
in some cell architectures might be the reasons for discrepancies in literature, since
Qiu pointed out that they observed an influence of Os supply on the cycling per-
formance.[% However, this doesn’t explain that some groups observed a decrease in
cycling performance in cells with O2, since Qiu only found less improvement in cells
with fewer Oy compared to the argon reference.

All in all, researchers agree that dissolved Os in the liquid electrolyte significantly
influences the SEI formed on lithium electrodes, but different researchers come to
contradicted results: Assary and Lee show detrimental effects on lithium electrode
stability in ether['3- and DMSOM|-based electrolytes. In contrast to this, Qiu et
al., Wang et al. and Roberts et al. state that the dissolved Oy improves SEI
stability and lithium cyclability in both of these electrolytes.!517 Consequently,
the influence of dissolved O3 in the electrolyte is still unclear and further studies are
needed. Moreover, the existing studies focus on many different types of electrolytes
which might largely influence the effect of O2 on the SEI. Therefore, also different
solvent and conducting salts, maybe even salt concentrations need to be considered.

Additionally, it is unclear if (significant amounts of) the dissolved Og itself re-
acts with the lithium electrodel®* 36! or if the influence of O is mainly due to side
reactions with the electrolyte!’®!4. Since dissolved Oy and other reactive oxygen
species that form in Oz-containing electrolyte lead to degradation of the electrolyte,
products of this degradation might also react with the lithium electrode and could
explain a higher LioCOj3 content in the SEI in Os-containing electrolyte, that can
have a beneficial influence on the electrode stability. A simple schematic overview
over the possible reactions is shown in figure 7. It also has to be noted that Oy can
be reduced to Oz~ at the lithium electrode. Although the amount of Oz~ formed
in this reaction is smaller than the amount of Oy~ emerging in reactions at the
cathode, this should not be neglected. In particular, this reaction can also explain
O, associated electrolyte degradation in symmetrical Li—Li cells.
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Figure 7: Scheme of possible pathways of the reaction between Oy and the lithium
electrode.
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3 RESULTS & DISCUSSION

3.1 Understanding the Transport of Atmos-
pheric Gases in Liquid Electrolytes for Li-
thium—Air Batteries (1%* Publication)

The first publication of this the-
sis focuses on the solubility and /
diffusivity of Og, Ny and COs . 56 3G

,_ICP

in different electrolytes for Li— -
Oy batteries. Its primary objec- CO.j2G
tive is to supplement the exist- ) 3G

ing knowledge on the solubility Cons
[71]

4G
of O2 in pure solvents!'t by in-

cluding data on CO5 and Ns sol-
ubility as well as the impact of
LiTFSI as conducting salt. Gas t

uptake measurements were used  Figure 8: Graphical abstract of the first publication.
to determine Henry’s law solu-

bility constants H’ and diffusion coefficients D experimentally. In addition, the
diffusion coefficients were calculated with MD simulations.

The experiments showed that the solubility of Oy and N2 can be described very
well by the cavity model described in section2.2.1 and that a linear relationship be-
tween In L and o is obtained (equation 12), which allows a prediction of the solubility
from tabulated surface tension data. However, the solubility of COs is significantly
larger and cannot be described by the model. Furthermore, it was found that the ad-
dition of LiTFSI decreased gas solubility in ethers but increased it in DMSO. Thus,
depending on the solvent, both salting-out and salting-in effects can be observed.
For diffusivity, experimentally determined and simulated diffusion coefficients were
compared and a good qualitative agreement was found. In general, the diffusion co-
efficients of the different gases were very similar and the diffusivity depended mainly
on the solvent used. It was also shown that the addition of LiTFSI reduced the gas
diffusivity in all cases, which can be explained by the increased viscosity. Especially
at high concentrations, where CIPs are formed, the diffusivity decreased drastically.

The experiments presented in this publication were planned and conducted by
the first author under the supervision of D. Schroder and J. Janek. MD simula-
tions of the diffusion coefficients were performed by M. Murat and A. Natan. The
manuscript was written by the first author and edited by all co-authors.

Reprinetd with permission from R. Haas, M. Murat, M. Weiss, J. Janek, A.
Natan and D. Schroder Understanding the Transport of Atmospheric Gases in Liquid
Electrolytes for Lithium—Air Batteries, J. Electrochem. Soc., 2021, 168, 070504,
DOLI: 10.1149/1945-7111 /ac0d66.
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In metal-air batteries, carbon dioxide (CO,) and nitrogen (N,) are, apart from oxygen (O,), also present as dissolved species in the
liquid electrolyte. These dissolved gases can strongly influence the battery performance, as they affect the discharge mechanism
and the stability of the lithium metal anode. Therefore, their solubility and diffusivity are important parameters, that are rarely
considered in the development of electrolytes for metal—air batteries. In this work, the diffusion coefficients (D) and Henry’s law
solubility constants (H?) of O,, N, and CO, in common ether-based (diglyme (2G), triglyme (3G) and tetraglyme (4G)) and
DMSO-based electrolytes are measured by means of gas uptake measurements. Additionally, the diffusion coefficients are
calculated through molecular dynamics simulations. The results agree well with the experimental data. Furthermore, the influence
of solvent parameters, such as surface tension and viscosity, on the solubility and the diffusivity as well as the impact of
the addition of LiTFSI as conducting salt are investigated. The reported data will help to assess the impact of dissolved gases on the
cell chemistry of nonaqueous lithium—air batteries, especially on the solid electrolyte interphase (SEI) at the lithium anode, and to
predict diffusivity and gas solubility in other electrolytes.
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Metal-air batteries are considered as future alternatives next to
lithium-ion batteries because of their high energy density. Compared
to other metal-air batteries with e. g. Na, Zn or Al anodes, Li-air
batteries promise the highest theoretical energy density. However,
their commercialization is still out of reach, since they suffer from
severe chemical challenges and drawbacks:'™ Oxygen redox reac-
tions have low rate capability’ and, especially in the case of the
oxygen evolution reaction (OER), very high overpotentials. High
charging voltages® and reactive oxygen intermediates such as
superoxide7’9 and singlet oxygenlo" can lead to decomposition
of the cathode material and the electrolyte. The lithium anode is
currently also not sufficiently stable, due to dendrite formation and
side reactions with the electrolyte or species dissolved therein.'*!*
Particularly the reaction of the metal anode with electrolyte may
cause drying-out of full cells and fast cell failure.

The careful selection of the electrolyte is of central importance,
as it has a great impact on the battery cell and its properties. For
example, the discharge mechanism is determined by the Lewis
basicity of the electrolyte used.'> Many of the aforementioned
problems can be addressed by adapting the electrolyte, i.e. by
changing the solvent or the conducting salt or by enclosing additives
(e.g. redox mediators or SEI-forming additives, etc). 13.16-23

The current density that can be achieved during discharge also
depends on the electrolyte and is determined by the concentration
¢o, and the diffusion coefficient Do, of oxygen. The mass transport
limiting current iy, can be calculated from

Iim = nFADg,c0,-67! [1]
with n as the number of transferred electrons, F as Faraday’s

constant, A as surface area of an ideal planar electrode and ¢ as
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thickness of the Nernst layer through which O, has to diffuse.** The
concentration of oxygen is limited by its solubility in the electrolyte
and can be calculated from the O, partial pressure po, in the gas
reservoir and Henry’s law solubility constant H? using

co, = Hp, [2]

Looking at these equations, the achievable discharge current can be
maximized, e.g. to enable fast discharge, by maximizing the
diffusion coefficient and Henry’s law solubility constant of 0,.%
However, cathode structure and wettability are also important
parameters that influence the achievable limiting current.**?

Apart from that, dissolved gases in the liquid electrolyte can
diffuse to the anode and react with the lithium anode.”?® In Li-air
batteries, O,, N, and CO, from ambient air can be dissolved in the
electrolyte. Moreover, CO, emerges from side reactions of the
electrolyte or electrochemical decomposition of electrolyte or carbon
cathode and is therefore also present in Li—O, batteries that are
operated with pure O,. Each of these gases reacts with lithium and
thus has significant impact on the composition and stability of the
solid electrolyte interphase.'>'***=! In order to assess the influence
of dissolved gases on the anode, their concentration, which is limited
by the solubility, and mobility that is determined by the diffusivity
are important parameters. Furthermore, solvated CO, and N, also
influence the cathode reaction.'*327 CO, reacts with Li,O, and
leads to the formation of Li,COj; as discharge product, resulting in a
significant increase of the overpotential during charging, hindering
the intended decomposition of Li,O, by redox mediators.>*>®
Therefore, the solubility and, thus, the concentration of CO, should
be reduced as much as possible.

Some data for O, diffusivity and solubility are already available
in literature, obtained from many different measurement methods,
mostly electrochemically Jbty cyclic voltammetry or rotating disc
electrode measurements.>’~** Unfortunately, the values show large
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dependence on the measurement method and are often not compar-
able. Moreover, solubility and diffusion coefficient of CO, and of N,
are not easily measured electrochemically and are hardly known in
the literature for any system that is relevant for lithium-based
batteries, even though CO, diffusivity and solubility are also crucial
for the ongoing research on Li-CO, or Li-O,/CO, batteries.**3

In this work, we used gas uptake measurements to determine the
solubility and the diffusivity of O,, of N, and of CO, in different
DMSO-based and ether-based electrolytes that are commonly used
in nonaqueous Li-air batteries, as well as in the pure solvents. This
method facilitates measurements in pure solvent without conducting
salt, as well as the determination of solubility and diffusivity of CO,
and of N,. We discuss how these two properties depend on the
nature of the solvent and on the impact of the conducting salt.
Additionally, we perform MD simulations and compare diffusion
coefficients obtained from different force fields to experimental data.
The obtained data will help to identify optimal electrolytes for the
next generation of metal—air batteries.

Experimental

Molecular dynamics simulations.—Molecular Dynamics (MD)
simulations were performed with the LAMMPS package™ for glymes
with varied molecular length, DMSO, DMSO + LiTFSI and glymes
+ LiTFSI at varied concentrations of LiTFSI. The diffusion coeffi-
cients of O,, of N, and of CO, in those solvents were calculated also
with the LAMMPS package. The initial structure files and LAMMPS
input files were prepared with Packmol*® and Moltemplate,46 respec-
tively. The OPLS-AA Force Field (FF) was used for the glymes; we
used the torsion parameters given in Table IV of Anderson and
Wilson,*” in rows corresponding to the DME force field.*’ For
DMSO, we have used the FF of Strader et al. and had good agreement,
for some basic parameters, with both Strader et al.*® and Vishnyakov
et al.** For LiTFSI, we used force field parameters as given in
Canongia Lopes et al.>® and applied the suggestion by Tong et al.>" for
charge rescaling. For O, we checked two different force fields. Firstly,
we used a force field after Arora and Sandler,’> which we also used in
previous work.*”>* This force field has no charges on the oxygen
atoms, and to check the effect of the oxygen quadrupole moment we
used another force field by Vujic and Lyubeu“tsev.54 In this force field,
the oxygen atoms have a charge of —0.112e and there is also a virtual
mass-less center charge of +0.224e. Those charges are intended to
reproduce the oxygen quadrupole moment. For N, we also used the
parameters from Vujic and Lyubartsev;> there is a charge on the N
atoms and a virtual opposite charge in the center to reproduce the
nitrogen quadrupole moment. For CO, we used the force field
parameters from Cygan et al. in most simulations.>® To double check
our results for the CO, diffusion coefficient, we checked it in triglyme
also with the CO, force field parameters from Zhang and Duan®® and
from Higashi et al.>’

Taking realistic values for the concentration of O, leads to having
one or less O, molecules in the simulation cell>® In previous work,
we have therefore used only one O, molecule and did a time average
of the mean squared displacement (MSD) for the diffusion coeffi-
cient. Here, we used up to 10 gas molecules inside the solvent
instead. We have verified in some of the cases that this does not lead
to a major difference in the calculated diffusion coefficient and helps
to reduce the statistical noise as there are more gas molecules.

Our simulations start with an initial configuration constructed
using the Packmol package. The system contains all the molecular
species (solvent and gas molecules, with the ionic species for the
simulations with salt) in a cubic box larger than the expected size of
the equilibrated system. We then run a short (=100 ps) constant
volume simulation at 298 K to locally relax any high energy
configurations that may have been created. This is followed by a
longer (=1 ns) constant temperature and pressure (NPT) simulation
at p = latm and 298 K for the system to reach its equilibrium
density. The average density is calculated with a longer ((1-5) ns)
NPT simulation. We then modify the box size slightly to fix the
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density at its average value. Longer (50ns) constant volume
simulations are then carried out at the average density to calculate
the diffusion coefficient of the gas molecules. Evaluation of the
diffusion coefficient is done using the time-averaged MSD with non-
overlapping time windows, as described in Kuritz et al.’* For the
evaluation of radial distribution functions, we run constant volume
simulations for 10 ns, taking snapshots of the atomic coordinates
every 1 ps. This is adequate for obtaining rather smooth RDF curves
for most cases. Visualization of atomic structures from the simula-
tions were made with the Vesta®® codes.

Chemicals.—Diglyme (diethylene glycol dimethyl ether), tri-
glyme (triethylene glycol dimethyl ether), tetraglyme (tetracthylene
glycol dimethyl ether), DMSO (dimethyl sulfoxide) and LiTFSI
(lithium bis(trifluoromethanesulfonyl)imide) were purchased from
Sigma-Aldrich. LiTFSI was dried at 120 °C in vacuum for 24 h. The
solvents were dried over 3 A molecular sieves. All experiments were
prepared in an argon-filled glovebox (MBraun) with O, and H,O
content below 1 ppm.

Pressure measurement and volume determination.—All pres-
sure measurements were carried out with a PAA-33X-V-1 pressure
sensor ((0-1.2) bar, KELLER AG fiir Druckmesstechnik), using the
software control center series 30.

The volumes of the devices for solubility and diffusivity measure-
ments were determined using a calibrated syringe (Hamilton). First,
the device was evacuated. Then, defined volumes of air were added
with the syringe multiple times while the pressure was monitored.

Solubility.—Henry’s law solubility constants were determined as
described by Schiirmann et al.>” and Hartmann et al.*° by gas uptake
measurements. 2 mL of solvent/electrolyte were filled in a glass flask
(ca. 13mL of total volume) with a magnetic stirrer that was
connected to a ball valve (Swagelok) via a KF flange. The glass
cell with the ball valve and a pressure sensor were connected to a
stainless steel cross fitting (Swagelok). Additionally, a gas supply
and a vacuum pump were connected to the cross fitting via a needle
valve (Swagelok). The solvent/electrolyte was degassed prior to the
experiment. A defined amount of the respective gas was then
supplied to the glass flask and the solution was stirred until the
pressure was constant. All measurements were carried out at 25 °C
for six different pressures. Average and standard deviation were
calculated for at least three different measurements.

Diffusion coefficient—The diffusion coefficients were deter-
mined by gas uptake measurements with a thin film cell, as
previously described by Hartman et al., Hou et al. and Schiirmann
et al>”*%%% A cylindrical stainless steel container (19.8 mm in
diameter, 7.77 mL) was used. It was connected to a gas reservoir (ca.
26 mL) via a ball valve (Swagelok) and to a pressure sensor directly.
For each measurement, 1 mL of solvent/electrolyte was filled into
the thin film cell. The container was connected to a vacuum pump
and the solvent was degassed prior to the experiment. Afterwards,
the gas was supplied to the gas reservoir and the device was
transferred to a climate chamber (Binder) at 25 °C. Then, the ball
valve between gas reservoir and thin film cell was opened and closed
quickly. The pressure decay during the gas uptake was measured and
the diffusion coefficient was calculated according to Hartman et al.,
Hou et al. and Schiirmann et al.>”***° In each experiment,
approximately (5-10) pumol of gas were dissolved in the liquid.

For further information about the measurement setups and
exemplary measurements of diffusivity and solubility, the reader is
referred to the explanations by Schiirmann et al. and the accom-
panying SL*’

Results and Discussion

Solubility.—Table 1 lists the Henry’s law constants of O,, of N,
and of CO, in different solvents and the electrolytes considered
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Table I. Henry’s law solubility constants of O,, of N, and of CO, measured at 25 °C given in mmol L7! bar™ . The values in parentheses are those

measured by Schiirmann et al.,”” which are given for comparison.

solvent 0, N, CO,
diglyme 6.5+0.2(7.1+03) 43+02 175+ 6
triglyme 58+03(5.0+04) 35+0.0 162 +£3
tetraglyme 52+0443+02) 3.0+0.1 139 £ 4
DMSO 27+02 1.5 +0.1 133 +2
diglyme + 1 m LiTFSI 59+0.2(5.5+0.1) 34 +0.1 135+£2
triglyme + 1 m LiTFSI 48 +0.1 3.1+0.0 117 = 1
tetraglyme + 1 m LiTFSI 4105 2.7 +0.1 109 = 1
DMSO + 1M LiTFSI 3.0+0.1 1.9 +0.1 113 £2
perfluorooctane 21.3+0.2 14.5 £ 0.1 84.7 + 0.3
perfluorononane 20.8 + 0.4 133 +05 803+ 1.5
perfluorodecaline 18.5 £ 0.5 12.0 £ 0.6 75.7+04

herein. As Schiirmann et al. already showed, the O, solubility in L L L L L L

glyme ethers and perfluorocarbons (PFCs) decreases with chain 7 . .

length.*” Additionally, we measured the solubility in DMSO in this 14 TF

work, which is significantly lower than in ethers. For N,, we made d

similar observations regarding the trend in different solvents. 0 |

However, the N, solubility is always slightly lower than the O,

solubility. CO, shows by far the highest solubility in all solvents. g"’

The concentration of CO, in the liquids at a given pressure even g1 i

exceeds the concentration in the gas phase (approx. 40.3 mmol L £

bar~! at 298 K according to the ideal gas law) by a factor of 3—4. -2 L

Furthermore, the solubility in DMSO is unexpectedly high; Henry’s

law constant for CO, in DMSO is almost equal to that of CO, in

tetraglyme. The outstanding solubility of CO, is already known from 31 I

literature and was already investigated in various organic

solvents.®%®! However, the solubility of CO, in PFCs, that provide 10 1'5 2'0 2'5 3'0 3'5 4'0 45

excellent gas dissolving properties for most gases, is even reduced.
In order to understand the solubility of gases in liquids, many
models have been established.**®* According to the cavity model,
the uptake of a gas molecule in a liquid can in theory be divided into
two steps: First, a cavity with the size of the gas molecule is created.
For this, work against the surface tension o of the liquid has to be
carried out. Second, the gas molecule is inserted into the cavity,
resulting in a gain of interaction energy E between solvent and the
inserted molecule.®*"%® From these hypotheses, Eq. 3, in which kg is
the Boltzmann constant and 7 the temperature, can be derived for a
spherical solute with radius r.°® Assuming an interaction energy that
is independent of the solvent, this leads to a linear relation between
the logarithm of the ratio of solute concentration in the liquid ¢; and
in the gas phase ¢, and the surface tension.
In(cre;") = —[(4mr?e + E)(kgT)™] (3]
In Fig. 1, Eq. 3 is evaluated for the data presented in Table I. The
solubilities of O, and N follow a linear trend and are therefore well
described with the cavity model. The radii obtained from the slope of
the linear fit of In(c;¢; h against the surface tension are 156 pm for
O, and 164 pm for N,, respectively. Even though the molecules are
not exactly spherical, these radii are in good agreement with the
values calculated from van der Waals constants.®® However, the
radius of N, and of O, is very similar in both experiment and
literature and cannot explain the higher solubility of O,. According
to the model, this can be explained by the interaction energy between
gas and solvent. The y-axis intercepts for both, O, and N,, are
positive, which means that the interactions between gas and solvents
are attractive. O,, however has a larger intercept and therefore
stronger intermolecular interactions with the solvents, resulting in a
slightly higher solubility. With the linear relation between the
logarithm of the solubility and the surface tension, it is now possible
to estimate the solubility of O, and N, in other solvents from
tabulated surface tension data.

o/mNm™

Figure 1. Logarithm of ¢/c, of CO, (orange), of O, (red) and of N, (blue) as
function of the surface tension of the solvent. Linear trends according to
Eq. 3 are observed for O, and N,, but not for CO,. In all solvents the order of
Henry’s law solubility constants is CO, > O, > N,.

The higher solubility of CO, can be ascribed to stronger
solvent—gas interactions. The partially positively polarized carbon
and the negatively polarized oxygen lead to stronger attractive
interactions with solvent molecules, while O, and N, only form very
weak interactions with the solvent. Therefore the solubility of CO, is
even one or two orders of magnitude higher than the solubility of N,
and O,. The interaction energy between CO, and DMSO seems to be
even higher than in diglyme, triglyme and tetraglyme. Due to the
weak interactions between the PFCs and other molecules, including
CO,, the solubility of CO, in these solvents is even lower than in the
ethers and DMSO. Because of the large difference in interaction
energies between CO, and different solvents, the linear relation
between In (c;¢; 1 and o does not hold for CO,.%

From Table I it is evident that the addition of 1 M LiTFSI to the
electrolyte reduces the gas solubility for most of the solvent—gas
combinations. Only the solubility of O, and of N, in DMSO is
increased in the electrolyte with 1 m LiTFSI.

The decrease in solubility when a salt is added can be explained
by the salting out effect. Debye explained the impact of the salt on
the solubility with the influence on the dielectric constant of the
solvent. According to this model, an increase of the dielectric
constant leads to salting in, a decrease of the dielectric constant to
salting out.%” This concept works well for the solubility of different
salts, but is restricted to solutes that have a higher total molecular
polarization than the solvent.® For solutes that have a lower total
molecular polarization, like O, and Nj, salting in is more due to
interactions between gas and ions, the so called “lyotropic salting
in Refs. 68, 69.” This effect is observed for large ions, which form
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Figure 2. Radial distribution function of O, with fluorine (green) and
oxygen (red) of the TFSI anion in 1 m solutions in diglyme and DMSO. The
distance of O, to fluorine is similar in both solvents, but oxygen coordination
is stronger in DMSO.
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Figure 3. Mean-squared displacement (MSD) of (a) O, and DMSO
molecules, as well as the anion and the cation in a 1 M LiTFSI solution in
DMSO with dissolved O, and (b) O,, N, and CO, in pure DMSO as a
function of time. Diffusion constants evaluated from the slopes of the linear
fits (shown as dashed lines for the dissolved gases) to these curves are listed
in Table II. The total length of the simulation shown in (a) was 40 ns. Note
that the higher noise in the MSD values for O, compared to the MSD in other
species is due to the fact that the simulated system contained only one O,
molecule, compared to 300 DMSO molecules and 25 LiTFSI molecules. The
simulations shown in (b) for each gas were performed using 300 DMSO
molecules and 10 gas molecules, and were run for 10 ns. The simulation for
O, is with the neutral oxygen force field.

27

dispersion interactions with other solutes.>*® Tn ethers, where the
gas solubility is higher, these interactions are not strong enough to
further increase the solubility with LiTFSI. The same applies for
CO, that forms much stronger interactions with the solvents,
especially DMSO.

In order to demonstrate the interactions of O, with TESI™ ions,
we calculated the radial distribution functions (RDF) from the MD
simulations of O, in a 1 M solution of LiTFSI in DMSO (Figs. Sla
and S1b available online at stacks.iop.org/JES/168/070504/mmedia)
and diglyme (Figs. Slc and d). The graphs show that O, is
coordinated by fluorine and oxygen atoms of the TFSI anion. In
general, the TFSI™ concentration is elevated in the surrounding of
O, more than the concentration of the solvent. In Fig. 2, the radial
distribution function of O, with fluorine and oxygen of TFSI™ is
compared for DMSO-based and diglyme-based electrolytes. The
coordination of O, by the TFSI™ fluorine is almost similar in both
solvents, the coordination with the TFSI™ oxygen is stronger in
DMSO. This supports our observations on the impact of the salt on
the gas solubility in different solvents. In DMSO, O, is strongly
coordinated by TFSI anions, resulting in an improved solubility
when LiTFSI is added.

Diffusivity.—In this part, we compare our experimental and
theoretical results for the diffusion coefficient of the three gases in
the pure solvents and also the solvents with 1 m of LiTFSI. Table II
summarizes the results of both simulation and experiment for the
diffusion coefficient of all three gases in glymes and DMSO with
and without salt. For O, we have calculated the diffusion coefficient
in the pure solvents with two FFs, the first without charges as in
Schiirmann et al.,*” the second FF with charges that represent the O,
quadrupole moment (value given in parentheses). It is evident that
the difference between the two FFs is very small, with the latter
leading to a slightly smaller diffusion coefficient. We continued the
rest of the simulations with the neutral FF. Figure 3a shows the MSD
of all the molecular species in a 1M solution of LiTFSI in DMSO
with dissolved O, as a function of time. In Fig. 3b we show the MSD
of the three gases in DMSO as a function of time.

While there is no perfect quantitative agreement between
simulation and experiment, there is an excellent qualitative agree-
ment in the trends as shown in Fig. 4. Quantitatively, it is evident
from Fig. 4 that the simulated values of the diffusion constant are
roughly half of those that were measured by the experiment, but they

1 n 1 n 1
/
O pure splvent /ideal
34 MW 1MLIiTFSI // -
/
/
- /
IU) /
D! /
£ 24 y L
© ’
o /
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£ y
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Figure 4. Correlation between diffusion coefficients obtained from MD
simulation (y-axis) and experiment (x-axis). The experimentally determined
diffusion coefficients are higher than the diffusion coefficients from the
simulations by a factor of 2.1 (R* = 0.80). O, data are shown in red, N, is
shown in blue and CO; is shown in orange.
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Table IL. Diffusion coefficient results for all three gases, given in 10~ cm? s, The values in parentheses for O, represent the results with the
charged FF.> For CO, most of the results are with the FF by Cygan et al.,” the values in parentheses for CO, in triglyme represent additional

results with: (a) the FF of Zhang and Duan®® and (b) the FF of Higashi et al.>”

—as is evident, the results are almost identical. We estimated the

statistical error in the simulation diffusion coefficients to be around 10%-15%. The statistical error of the diffusion coefficients from experiments is

approximately 0.5 cm” s,

0, N, CO,
Solvent
Simulation Experiment Simulation Experiment Simulation Experiment

monoglyme 7.43 (6.1) — 5.5 — 5.1 —
diglyme 2.95 (3.1) 6.0 2.4 5.1 2.8 6.4
triglyme 2.38 (2.0) 3.6 1.7 3.8 1.5 (1.2% 1.4% 34
tetraglyme 123 (1.2) 3.0 1.0 2.7 12 2.5
DMSO 2.1 (1.9) 3.0 1.6 3.6 1.4 3.1
monoglyme + 1 M LiTFSI 32 — 2.45 — 2.28 —
diglyme + 1 m LiTFSI 1.78 3.7 1.16 3.0 1.25 34
triglyme + 1 m LiTFSI 1.08 22 0.84 2.0 0.79 1.8
tetraglyme + 1 M LiTFSI 0.79 1.5 0.49 1.6 0.45 1.4
DMSO + 1 M LiTFSI 1.1 22 0.84 22 0.75 2.5

keep exactly the same trend, this could be attributed to an
insufficient description of the interactions by the force field model,
such a factor is not uncommon in the literature. In both the
simulation and the experiment, the diffusivity of all gases decreases
with increasing length of the glyme chain. In the theoretical
calculations, the diffusion coefficient of the gases in DMSO is
very close to that of triglyme. In the experiment the results for
DMSO are somewhere between triglyme and tetraglyme. Both the
simulation and experiment show that the diffusion coefficients of all
the three gases are quite close in value to one another. The
simulation shows that in all solvents the diffusion coefficient of
O, is higher than that of N, and of CO, which have similar values.
Thus, the stronger interactions of the solvents with CO, do not seem
to have any influence on the diffusion coefficient. Due to the larger
solvate shell, molecules that interact more strongly with the solvent
would be expected to diffuse more slowly.

The addition of 1 M LiTFSI decreases the diffusion coefficient by
almost a factor of two for all gases in all solvents, this trend is evident
by both the simulation and the experimental measurements and also
makes sense in view of the fact that the viscosity is increased by
addition of the salt. To see the impact of the salt concentration in a
more detailed way, we have performed MD simulations with various
LiTFSI concentrations ranging from 0.1 M to 3 m. In all simulations
with the salt, 300 DMSO molecules, one O, molecule and the number
of LiTFSI molecules indicated in Table III were added in the
simulation cell. 300 DMSO molecules and 10 O, molecules were
added to the simulation cell for the case of no salt added.

We reveal that the diffusion coefficient of O,, as well as the self-
diffusion of DMSO, TFSI™ and Li", decrease when increasing the
salt concentration. At concentrations of 2.5 M and 3 M we see a large
decrease in the self-diffusion coefficients relative to the 2m
concentration, suggesting that the large molecules as well as the
lithium ion become less mobile. For the diffusion coefficient of O,
we see a decrease almost by a factor of two when moving from 2 m
to 2.5 M salt concentration. In addition to a change in the diffusion
coefficient, we also see an increase in the viscosity of the liquid with
increasing salt concentration. The self diffusion of DMSO was
calculated to be 5.7 x 107¢ cm? s~'. This value is not far from
the experimental results of 7.3 x 10~ cm2 s~! by Holz et al.”® and
9.5 x 10 %cm?s™! by Packer et al.,”! which were found w1th NMR
measurements, and theoretical results of 9. 5 x 107 cm? s~ b7y
Vishnyakov et al.* and 3.58 x 107% cm? s~ by Wang and Hou.

In order to explain the severe decrease of the diffusion
coefficients in the 3 m electrolyte, we also calculated the RDF of

* for different concentrations of LiTFSI. The RDFs at 1M are

shown in the SI for both, DMSO and diglyme. At lower TFSI
concentrations, the lithium ions are coordinated mostly by oxygen
atoms of the solvent, whereas TFSI ions are no closer than 5 A. This
is also illustrated in a snapshot of the simulation of 1M LiTFSI in
DMSO in Fig. 5c. Li* is coordinated by four DMSO molecules,
which is consistent with literature on the coordination number of Li™
in DMSO.”>7* In Fig. 5, the RDF of Li* is shown with (a) oxygen of
TFSI™ and (b) Li* for different concentrations of LiTFSI in DMSO.
In Fig. 5a, two peaks at 2.4 A and 4.7 A emerge for the 2.5 M and 3 m
solution, indicating that Li" is also coordinated by TFSI” and
contact ion pairs are formed at concentrations above 2wm. The
significantly lower diffusivity of Li*, TFSI~ and DMSO in the 2.5 m
and 3 M solution can therefore be attributed to the formation of
contact ion pairs, which takes place at concentrations above
approximately 2.3 M and leads to a mgmﬁcant reduction of the
mobility of the ions and the solvent.”>’® This also leads to an
increase of the viscosity and hence to a reduction of gas diffusivity
Additionally, we observed that in the 2.5M and 3 ™ solution, a Li™
peak appears at 3.0 A in the Li* RDF. As shown in a snapshot of the
simulation af the 3 M solution in Fig. 5d, two lithium ions share up to
three oxygen atoms of DMSO or TFSI .

Conclusions

Electrolytes for Li—air batteries are often selected according to
their ionic conductivity and stability towards anode, reactive oxygen
intermediates and electrochemical decomposition. However, trans-
port properties of dissolved gases are often overlooked, even though
they play a major role in limiting current density during discharge
(O,) and stability towards the anode (O,, N,, and CO,) and should
therefore be considered in the selection of the electrolyte. Therefore,
we have determined solubility and diffusivity of these gases in
electrolytes and solvents that are commonly used in Li—air batteries
by means of MD simulations and gas uptake measurements in this
work.

For the diffusion coefficients, we found a good qualitative
agreement between experimental data and simulation results. This
finding indicates that the results of both methods are conclusive. In
addition, measurements of CO, and of N, could be easily performed,
and pure solvents without conducting salt could be used, which is
not possible with usual electrochemical measurement methods. This
benefit makes our method and the obtained results particularly
interesting for Li—-CO, batteries.

Since the diffusion coefficient was found to be almost indepen-
dent of the dissolved gas, the solubility is decisive for estimating the
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Table II1. Effect of LiTFSI concentration in DMSO on density, viscosity and diffusion coefficients. Unless indicated otherwise, simulation length for all cases is (1-5) 107 fs. At 2.5 m and 3 M LiTFSI,
the viscosity is significantly increased and all diffusion coefficients are decreased as a result. ®This system is run for 2 x 10® fs, but it still seems to be too short for calculating the diffusion coefficients
reliably. The range of D values are from simulations of different length. We estimated the statistical error in the simulated diffusion constant to be around 15% for the O, and around 5% for all the

rest ( DMSO, TFSI, and Li*).

Diffusion coefficient/10> cm? s

cLitrs, Larget/Actual/m No. of LiTFSI molecules Density/g cm™ Viscosity/cP

0, DMSO TESI™ Lit
0.0/0.0 0 1.086 1.7 2.1 0.57 — —
0.1/0.136 3 1.100 1.7 2.2 0.54 0.32 0.23
0.5/0.52 12 1.155 1.9 1.9 0.38 0.25 0.14
1.0/0.99 25 1.217 23 1.1 0.25 0.14 0.11
2.0/1.84 54 1.330 3.1 0.76 0.061 0.047 0.037
2.5/2.62 90 1.435 4.0 0.47 0.0096 0.010 0.0088
3.0/3.12 120 1.503 4.6 0.28-0.36 0.0043-0.0046 0.0041-0.0050 0.0039-0.0043
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Figure 5. RDF of Li™ with (a) O of TFSI™ and (b) Li™ at different LiTFSI concentrations in DMSO. The enrichment of TFSI™ closer than 3 AtoLitin25wm
and 3 M solutions indicates the formation of contact ion pairs. (c), (d) Snapshots from MD simulations of the Li" surrounding in (c) 1 M and (d) 3 M LiTFSI in
DMSO. Carbon is shown in black, hydrogen in light grey, oxygen in red, nitrogen in blue, fluorine in green, sulfur in yellow and lithium in purple. In the 1 m
solution (c), Li™ is surrounded by four DMSO molecules. In the 3 m solution (d) Li* is surrounded by DMSO and TFSI™ and close to a second Li*.

influence of the different gases on anode stability and cathode
kinetics. Unfortunately, CO, that leads to the formation of unwanted
Li,COs; as discharge product, has by far the highest solubility in all
tested solvents and electrolyte. However, in contrast to O, and N,
the solubility of CO, did not follow the expected trend that gas
solubility decreases with increasing surface tension of the solvent.
Instead, the solubility of CO, was lowest in PFCs, which are very
nonpolar and have low surface tensions. Due to good O, solubility
and lowest CO, solubility, PFCs are promising for use in Li-air
batteries.

In addition, the oxygen solubility in DMSO can be increased by
adding LiTFSI, while the CO, solubility is reduced as a result. Since
the type of conducting salt determines the impact on the O,
solubility, the ratio of O, to CO, can also be changed by the choice
of conducting salt. Since PFCs have desirable properties in this
regard, the effect of LiTFSI could partially be attributed to the
fluorinated methyl groups. Therefore, salts with longer fluorinated
alkyl groups could further increase O, solubility while simulta-
neously decreasing CO, solubility. However, the concentration of
the conducting salt should not be too high since contact ion pairs
reduce the conductivity of the electrolyte and slows down O,
diffusion.

Overall, the results obtained here can help in designing tailored
electrolytes for Li-air batteries. For batteries where maximized
discharge current density is required, the O, solubility and diffu-
sivity should be as high as possible. However, which gases in the
electrolyte lead to a more stable SEI has not yet been finally
determined. A hybrid cell setup with different anolyte and catholyte
may be the solution to achieve ideal gas solubility and diffusivity for
both electrodes.
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3.2. 2. PUBLICATION: OXYGEN CROSSOVER

3.2 The Influence of Oxygen Dissolved in the
Liquid Electrolyte on Lithium Metal An-
odes (2"4 Publication)

The aim of the second publication of this thesis
was to get a better understanding of the influence
of Og dissolved in the electrolyte on the lithium
electrode. Since the previous literature on the
subject could not come to a clear conclusion, it
should also be understood which additional fac-
tors have to be taken into account and why dif- ‘ 02‘
ferent studies come to contradictory results.

In electrochemical experiments, the plating
and stripping of lithium on copper in various elec-
trolytes was investigated. It was shown that the
CE in O2-containing electrolytes was significantly
improved compared to Os-free electrolytes. How-
ever, an even better result could be achieved with
CO4 dissolved in the electrolyte. Furthermore,
SEM and XPS experiments showed that in Os-
containing electrolyte less conducting salt decomposes at the lithium electrode and
a more homogeneous SEI is formed.

In addition, the SEI of lithium plated on copper was compared with the SEI on
commercially available lithium foil, which is covered with an NPL. In XP spectra,
significantly more fragments of the conducting salt could be detected on the com-
mercial lithium foil, indicating increased degradation. In Os-containing electrolytes
the proportion of these degradation products was even higher. Thus, an opposite
behavior to the lithium plated on copper can be observed. This difference may also
explain the discrepancy between different publications on the influence of O5 on the
lithium electrode.

The experiments presented in this publication were designed by the first author
under the supervision of J. Janek. All experiments were performed by the first
author. The manuscript was written by the first author and edited by J. Janek.

Reprinetd with permission from R. Haas and J. Janek The Influence of Oxygen
Dissolved in the Liquid Electrolyte on Lithium Metal Anodes, J. Electrochem. Soc.,
2022 169, 110527, DOI: 10.1149/1945-7111 /ac9d6b.

XPS

Li* (05 electrolyte
SEI
Li anode

Figure 9: Graphical abstract of
the second publication.
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Due to the need for high energy density storage, Li—O, batteries and Li metal anodes (LMA) are in the focus of research. As safe
operation of the LMA is yet not possible, more knowledge about factors influencing the stability of the solid electrolyte interphase
(SEI) is necessary to utilize the LMA. Especially concerning the influence of O, dissolved in the electrolyte, there are still many
unanswered questions, and there are conflicting opinions reported. In this work, plating/stripping experiments are used to show that
the Coulomb efficiency is increased by dissolving O, in the electrolyte. SEM and XPS analysis of the SEI shows that reaction of
the conducting salt with Li metal is the cause of the poor reversibility of the LMA in cells without O,. The improved stability in the
presence of O, can be attributed to a protective Li,O and Li,COj; rich SEI that prevents degradation. In addition, the SEI on freshly
deposited Li is compared to that on a commercial Li foil. The reactivity of the native passivation layer formed on the Li foil during
storage differs significantly from that of plated Li regarding the influence of O,, which can explain the different results and
conclusions in literature.
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Due to the increasing interest in high energy density batteries, it is
necessary to replace graphite anodes with Li metal to achieve the highest
possible specific capacity (Qﬂm:3860mAhg’l).1 Especially Li-O,
batteries promise outstanding energy densities (Qneo = 3458 Wh kg*').z’3
However, it is challenging to produce Li metal electrodes with satisfactory
stability. Due to the high reactivity of Li metal, side reactions with the
electrolyte occur and a solid electrolyte interphase (SEI) is formed.
Unfortunately, the SEI often cannot completely prevent side reactions of
the Li metal electrode, resulting in constant Li loss and electrolyte
degradation, even though many attempts are made to modify the SEI with
electrolyte additives to prevent detrimental side reactions.*

Furthermore, in Li-O, batteries, O, is dissolved in the electrolyte
and highly reactive intermediates such as superoxide (0, )>® and
singlet oxygen (10,)"' are formed during cycling. This poses an
additional threat to the stability of all cell components and the
increased degradation of cathode,'"'? solvent'>'* and conducting
1316 in the presence of O, were reported. Since O, can also
diffuse to the anode and react with Li, it is often assumed that Li
metal anodes in Li—O, batteries must be specifically protected
against reactions with O, (e.g. by solid electrolytes, membranes,
etc.).”’19 However, the true influence of dissolved O, has not yet
been conclusively clarified in literature.?

Although the influence of O, on the SEI has already been
discussed in several articles, it is still unclear whether O, dissolved
in the electrolyte improves or worsens the stability of the Li metal
electrode, as various groups come to different conclusions on this
subject: Some authors state that dissolved O, decreases the extent of
side reactions of the electrolyte with the Li metal electrode,ZI’23
while others believe that the extent of side reactions with the
electrode are increased when O, is present.”*~2® Unfortunately, there
have only been few attempts to explain the different results in the
literature. In a review by Yao et al., it was suggested that dependence
of the Coulomb efficiency (CE) on the O, concentration available at
the Li metal electrode®® could be a possible origin of converse
ﬁndings,zo However, in the article cited in the review, an improve-
ment of the CE by O, was shown in each case.”?> Hence, this
explanation does not cover results which indicate that dissolved O,

“E-mail: juergen.janek @phys.chemie.uni-giessen.de

enhances anode decomposition and Li loss. Therefore, the question
of whether dissolved O, has a positive or negative effect on the Li
metal electrode and why different groups arrive at different results
remains unanswered.

In this study, we want to elucidate the influence of dissolved O, on
the Li metal electrode stability. Plating/stripping of Li on Cu
electrodes was used to evaluate the CE. The experiments were carried
out under Ar, O, and CO, atmosphere, in order to compare the
performance with dissolved O, to a reference (Ar) and a system where
electrode protection by a gas that is known to work successfully
(C0O,).”’ Additionally, the SEI formed in different environments was
investigated ex situ, using scanning electron microscopy (SEM) and
X-ray photoelectron spectroscopy (XPS). Thereby, we found that
dissolved O, increases the CE of the Li metal electrode and decreases
the extent of reductive decomposition of lithium bis(trifluorometha-
nesulfonyl)imide (LiTFSI). Furthermore, the SEI formed on freshly
plated Li was compared to the SEI on commercial Li foil. We show
that the reactivity of the native passivation layer (NPL) formed on Li
metal differs from Li without NPL. Finally, we provide an explanation
for the differences in literature concerning the influence of dissolved
O, on Li metal electrodes.

Results and Discussion

Plating/stripping experiments.—To evaluate the stability of Li
metal in contact with the electrolyte, Li was galvanostatically plated/
stripped on Cu foil in different gas atmospheres. In Fig. 1a, | mAh of
Li was plated in 1 m LiTFSI in tetraglyme, followed by 20 plating/
stripping cycles of 0.1 mAh and complete stripping thereafter. A
characteristic single plating/stripping cycle in the same electrolyte is
shown in Fig. 1b. At least five different measurements were made
for each gas and the capacity range of the stripping for each gas is
shown in the respective shaded color.

In both experiments, the cells cycled in Ar (blue) showed the
lowest CE; on average only 37%. For the cell cycled in O,
atmosphere (red), the CE was significantly higher with an average
of 77%. These CE are comparable to values measured by Wang
et al.>> However, Wang et al. observed an increased overpotential in
the cells with O,* which was not reproduced in our cells. On the
contrary, in our experiments the overpotential of the cells cycled in
O, was even lower than for Ar. Possibly, a higher water content in
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Figure 1. Plating/stripping experiments of Li-Cu cells. (a) 20 cycles a
0.1 mAh after 1 mAh plating; (b) Single plating/stripping cycle. Results for
Ar are shown in blue, O, is shown in red and CO, in orange.

the electrolyte is the reason for the higher overpotential in the cells
from Wang et al.?

Even when only the first plating step was carried out under O,
atmosphere and the subsequent cycling took place under Ar atmo-
sphere, the reversibility of the Li electrode was significantly
improved (Fig. la, purple). The CE over 20 cycles was 74% and
thus only slightly lower than in the cells with constant O, atmo-
sphere. However, the overpotential of cells cycled in Ar increased
during cycling. Nevertheless, Li electrode stability was significantly
improved by O, exposure during the initial plating step. The success
of this formation step suggests that the improved CE is caused by a
more stable and protective SEI, which can be formed already during
the first Li plating. This might also be relevant for the formation
cycle of batteries without gas reservoir e.g. lithium metal batteries
(LMB), especially with anode free cell architectures.”®

When the plating/stripping was carried out under CO, atmosphere,
the CE of the cells cycled in O, atmosphere was even surpassed (90%).
Additionally, the overpotential was significantly lower in these cells. This
is in line with previous results, t00.27 Also with CO., an initial formation
step could significantly increase the CE of the Li metal electrode
(Fig. S1). The performance was even as good as with cells that were
constantly cycled under CO,. It has to be noted that the solubility of CO,
in the electrolyte is higher than the O, solubility by a factor of more than
25, resulting CO, concentrations increased by the same factor
(c(02) =4.1mmol L™, ¢(CO,) =109 mmolL™").*’ However, when
the partial pressure of CO, was reduced to 40 mbar to achieve a similar
gas concentration as in cells with 1 bar O,, the CE was lower than in
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Figure 2. Coulomb efficiencies of a single plating/stripping cycle in various
electrolytes. Results for Ar are shown in blue, O, is shown in red.

cells with 1bar CO, pressure, but still higher than in cells with O,
(Fig. S2).

We also repeated the experiments with varied solvents and
conducting salts in order to confirm our results (Fig. 2). The CE
was calculated from a single plating/stripping cycle of 1mAh.
Overall, the CE was very dependent on solvents and conducting salt
and varied between 4% and 79% in the case without O,. However,
the cells with O, performed better in all tested electrolytes (32%-—
85%). Therefore, we assume that different electrolytes used in
various studies are not the reason for disparate results concerning
the influence of dissolved 02.21’26'30

We also determined Henry’s law solubility constants for these
electrolytes (Table SI), but found no correlation to the CE from
plating/stripping experiments. Hence, the O, concentration in the
electrolyte does not seem to be the factor that determines the CE in
cells with O,. Overall, we confirm that the CE is improved by
dissolving O, in the liquid electrolyte,zl’23

SEI characterization.—SEM images of Li plated in different gas
atmospheres are shown in Fig. 3. On the samples from Ar (a) and O,
(b) atmosphere, a layer covering the Li chunks is visible, which is
thicker in the sample from Ar atmosphere. On the CO, sample (c),
however, almost no interphase layer is apparent, which indicates a
very thin SEI The thick SEI formed in Ar atmosphere could result in
an increased resistance, which explains the higher overpotential
observed in plating/stripping experiments. Also from photos of the
plated Li (inserts in Fig. 3) the same trend is evident: The Li plating
in CO, atmosphere was most homogeneous. In O,, Li plating seems
to be preferred in the center of the Cu electrode. In the Ar sample
however, the Li is discolored, which indicates side reactions.

For further analysis of the SEI, we conducted XPS measurements
of the Li plated in different gas atmospheres (Fig. 4; spectra after one
sputter step for cleaning). Exact peak positions and assignments are
given in Table SII; peak positions are in line with previous
reports. >3

In S 2p and F 1s spectra of samples from Ar and O, atmosphere,
fragments of TFSI™ can be seen, indicating decomposition of the
conducting salt. During the reductive degradation of LiTFSI, LiTf
and Li,NTf are initially formed as intermediates, which subse-
quently react to form LiF, Li,O, Li»S, LizN and Li,SO5.3*
Comparison with spectra of LiTFSI powder confirms that the
fragments are products of degradation and not X-ray or sputter
damage (Fig. S3). Comparing the intensity or fractions of S 2p and F
1s components clarifies that significantly more TFSI™ degradation
takes place in Ar atmosphere than in O, atmosphere which is in line
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Figure 3. SEM images of Li plated on Cu in (a) Ar, (b) O, and (c) CO, atmosphere.
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Figure 4. (a) O 1s, (b) C 1s, (c) S 2p and (d) F 1s XP spectra of Li plated

with results from Wang et al. and Qiu et al. but conflicts with Lee et al.
and Tong et al.*>***>*® Additionally, small amounts of S=O and CF;
fragments can be seen in O 1s and C 1s spectra of the Ar samples. On
the samples from CO, atmosphere, however, almost no S 2p or F 1s
are present. Hence, TFSI™ degradation can be significantly reduced by
cycling under O, atmosphere and even more in CO, atmosphere.

In context to our SEM and cycling results it becomes evident,
that poor cycling performance correlates with the degradation of
LiTFSI, even though a F-rich SEI is usually considered as beneficial
for the protection of the Li electrode in literature, 333

From the Li 1s, O 1s and C 1s spectra, it can be seen that the
fraction of Li,O and Li,COj; in the samples from O, and especially
CO, atmosphere is increased compared to Ar atmosphere. Since
these cells also show a significantly higher CE, this indicates that
these SEI components have a positive influence on the stability of
the Li electrode. In contrast to the findings of Wang et al. and Qiu
et al., who assigned the improved cycling performance in O,
atmosphere to an increased amount of LiOH in the SEI, we could
not find a significantly different LiOH content in Ar and O,
samples.?>**> Therefore, we rather attribute the improved cycling
performance to Li,O and/or Li,COj3.

It has to be noted, that a direct reaction between O, and Li can
only explain the increased Li,O content in the SEI, but not the
increase in Li,CO;. Therefore, we suppose that also the side reaction
between O, and solvent and subsequent reaction of products from
ether oxidation (e.g. CO,)"* with the Li electrode play an important
role for the improved protection of the Li electrode in the electrolyte
with dissolved O,. This is also supported by the fact that dissolved
CO; has qualitatively the same influence on the SEI as O,, only
more pronounced.

Influence of native passivation layer—When comparing reports
on the effect of dissolved O, on the SEI, we noticed that some

Binding Energy / eV Binding Energy / eV

on Cu in Ar (top), O, (middle) and CO, atmosphere (bottom).

groups plated Li on Cu foil* > while others used commercial Li
foil*>%¢ for plating/stripping experiments. Interestingly, groups who
plated Li on Cu observed an improvement of CE and reduction of
LiTFSI degradation by introducing O, to the cell; groups using Li
foil came to opposite results. It is known, that a native passivation
layer (NPL) forms on Li foil that is stored in gloveboxes, even when
the H,O and O, levels are very low.>”° This NPL consists of a
Li,O containing bottom layer and an upper layer comprising LiOH
and Li,CO5.%? It is possible that the NPL reacts in a different way
than pure Li. Therefore, we also investigated the surface of
commercial Li foil (Honjo Metal) in contact to electrolyte with
and without O, (Fig. 5).

From the XP spectra it is evident, that the amount of TFSI™
fragments is significantly higher on the commercial Li foil,
compared to the Li plated on Cu (S=O in O Is, CF; in C Is as
well as S 2p and F 1s in general). Only the Li,S peak is smaller on
the Li foil. This shows that the reactivity of the Li surface changes
significantly due to the NPL: More TFSI™ seems to react on the NPL
in general. However, the XP spectra also show that the TFSI™ is not
completely reduced by the NPL, instead larger fragments remain on
the surface (e.g. CF3, —=SO,—). The Li metal surface without NPL, on
the other hand, is significantly more reductive, as evidenced by a
larger fraction of highly reduced species such as C,?~, Li,O and
Li,S.

However, since significantly more TFSI™ reacts with the NPL, the
interphase appears to be less stable and passivating than on the freshly
deposited Li. This is in line with previous reports that compared cycling
of Li metal electrodes with and without NPL. Various techniques (roll
pressing, slicing, abrasive blasting) were used to remove the NPL,
resulting in decreased interfacial resistance and overlpotential and
improved cycling performance and reproducability.**™*' In order to
successfully cycle a Li metal electrode, this should be taken into
account during cell manufacture.

36



3.2. 2. PUBLICATION: OXYGEN CROSSOVER

Journal of The Electrochemical Society, 2022 169 110527

a)o1s b)

Honjo

Counts / a.u.
Counts / a.u.

c) d)

Counts / a.u.
Counts / a.u.

540 535 530 525 295 200 285 280
Binding Energy / eV Binding Energy / eV

175 170 165 160 690 685
Binding Energy / eV Binding Energy / eV

Figure 5. (a) O 1s, (b) C 1s, (c) S 2p and (d) F 1s XP spectra of Honjo Li foil after contact to electrolyte for three days (top) and Li plated on Cu with

0.1 mA cm™? for three days (bottom); both from Ar atmosphere.

Interestingly, we found that the amount of F on the SEI of the
commercial Li foil increases when O; is dissolved in the electrolyte,
hence the opposite trend than on the plated Li (Fig. 6). This matches
with the results of Lee et al. and Tong et al.>>® and might explain
the differences in literature on the influence of dissolved O, on Li
electrode stability. Since the increase in F content with dissolved O,
is only observed on the commercial lithium foil and not on the
deposited Li, reactions between O, and solvent or conducting salt do
not seem to be the reason for the differences. We therefore assume
that the NPL is first oxidized by the dissolved O, and is then more
susceptible to side reactions with LiTFSI.

Furthermore, the trend during sputtering is different, too: On the
plated Li, the amount of F increases with sputter depth as it is
expected since inorganic SEI components such as LiF are usually
closer to the Li. On the commercial Li foil, however, the F content
decreases during sputtering. This also supports our hypothesis that
the NPL reacts with LiTFSI.

This does not necessarily mean that with O, also more Li metal
reacts. In general, in ex situ experiments with passivated Li foil, only
the reactivity of the NPL is probed. From these measurements it is
not possible to evaluate the impact of O, on the Li underneath the
NPL.

Conclusion and Outlook

Overall, our work confirms that dissolved O, has a positive effect
on the stability of the Li metal electrode, regardless of the electrolyte
used. We show in plating/stripping experiments on Cu that the CE
can be significantly increased by dissolved O,. We attribute this to
the fact that less degradation of the conducting salt (e.g. LiTFSI)
takes place with O,. The SEI therefore contains less F and S, but
more Li,O and Li,CO;, which leads to better protection of the Li
metal electrode against further side reactions that would lead to Li
loss. Dissolved CO, has qualitatively the same effect, but changes
SEI composition and CE more strongly. In both cases, carrying out
the initial plating step in the respective gas atmosphere already
improves the CE significantly, even if the subsequent cycling is
performed under Ar atmosphere. Such a formation step could also be
applied for LMB and should be considered there.

In addition, we could show that the NPL formed on Li foil during
its storage changes the SEI and leads to more degradation of the
electrolyte. The reactivity of the NPL differs significantly from Li
deposited on Cu. In particular, the influence of O, is exactly opposite
and leads to an increased degradation of the conducting salt on the
NPL. This shows that it is very important to use Li that is not
passivated when analyzing the SEI. Furthermore, it also offers an
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Figure 6. F content calculated from XP spectra of Honjo Li foil after contact
to electrolyte for three days (dashed) and Li plated on Cu with 0.1 mA cm 2
for three days (solid) in Ar (blue) and O, (red) atmosphere.

explanation for the fact that in some papers a poor influence of
dissolved O, and increased side reactions are observed.?*2%

Experimental

Chemicals.—Dimethyl sulfoxide (DMSO), diethylene glycol di-
methy ether (diglyme), tetracthylene glycol dimethy ether (tetraglyme),
lithium trifluormethanesulfonate (LiOTf) and lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI) were purchased from Sigma Aldrich.
Lithium bis(fluorosulfonyl)imide (LiFSI), lithium bis(pentafluoroetha-
nesulfonyl)imide (LiBETT), lithium bis(nonafluorobutanesulfonyl)imide
(LiNFSID) and lithium nonafluorobutanesulfonate (LiONf) were pur-
chased from TCI Chemicals. All solvents were dried over molecular
sieves and the water content was confirmed to be below 10 ppm by
Karl-Fischer titration. The conducting salts were dried for 24 h at 60 °C
(respectively 80 °C for LiTESI and LiOTf) under vacuum.

Plating/stripping experiments.—For all electrochemical mea-
surements, a modified Swagelok design (“Giessen cell”) was used.®?
The Li metal electrodes were prepared from Li foil (>99.9 wt% Li,
Honjo Metal) with a diameter of 12 mm; the Cu electrodes were
prepared from Cu foil with a diameter of 12 mm. Two Whatman
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glass fiber separators with a diameter of 12 mm soaked with 70 pL of
electrolyte were used as barrier between the electrodes. The
concentration of the conducting salt was 1 M in each case. For the
electrodes used for further characterization, an additional Celgard
separator was placed between electrode and Whatman separator in
order to facilitate removal of the separators prior to SEM or XPS
measurements.

Cell assembly was carried out in an argon filled glove box
(MBraun) with O, and H,O content below 1 ppm. For the cells with
dissolved O, or CO,, the gas reservoir of the Swagelok cell was
flushed with the respective gas prior to cycling.

Galvanostatic plating/stripping was carried out at a current
density of 0.1 mA cm ™~ referred to the geometrical area of the Li
metal electrodes with cutoff voltages of 2.0 V using a Maccor 4300
battery cycler.

Surface characterization.—The Swagelok cells were disas-
sembled in an Ar filled glove box after cycling or resting.
Afterwards, the electrodes were rinsed three times with each
100 mL of pure solvent and were then dried in vacuum at room
temperature for 12 h.

SEM and EDX.—SEM measurements were performed with a
Merlin high resolution electron microscope (Carl Zeiss AG) with an
electron acceleration voltage of 3kV and a probing current of
100 pA. The transfer from the glove box to the SEM was carried out
with an Ar filled Leica EM VCTS500 shuttle (Leica Microsystems).

XPS.—All samples were transferred using an air-tight, Ar filled
transfer module. XPS measurements were carried out with a
PHIS000 Versaprobe II system (Physical Electronics Inc.). A
monochromatic Al K, X-ray source (1486.6eV) with a power of
100 W, a beam voltage of 15 kV and a beam diameter of 200 pm was
used. For the survey spectra, a pass energy of 93.9 eV was used; all
other spectra were measured with a pass energy of 23.5eV. All
samples were attached to the sample holder with an electrically
isolation double-sided tape. Depth profiling was carried out with Ar™
ions with an acceleration voltage of 1 kV for 1 min per sputter step.
For data analysis, CasaXPS 2.3.22 (Casa Software Ltd.) was used.
The spectra were calibrated in relation to the signal of adventitious
carbon at 284.8 eV. Signal fitting was done with a Shirley back-
ground and GL(30) line shapes.

Gas solubility.—O, solubilities were determined by gas uPtake
measurements as described in previous work from our group.?***** A
glass flask (ca. 13 mL) with 2 mL of electrolyte was connected to a
ball valve (Swagelok) with a KF flange. The ball valve, was then
connected to a stainless stell cross fitting (Swagelok). Additionally, a
PAA-33X-V-1 pressure sensor (KELLER AG fiir Druckmesstechnik),
O, supply and a vacuum pump were also connected to the cross fitting.
Prior to the measurement the solvent was degassed in vacuum. Then a
defined amount of O, was supplied to the glass flask and the
electrolyte was stirred until the pressure was constant. Henry’s law
solubility constants were then calculated from the pressure decay
during stirring. For all electrolytes at least three different measure-
ments at six pressures each were conducted.
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4 (CONCLUSIONS & OUTLOOK

In this work, the influence of dissolved O2 on the lithium electrode was systemati-
cally investigated and the results were published in two publications. Initially, the
solubility and diffusivity of Oy (and other gases) in different electrolytes was investi-
gated in the first publication ”Understanding the Transport of Atmospheric Gases in
Liquid Electrolytes for Lithium—Air Batteries”. The second publication ”The Influ-
ence of Oxygen Dissolved in the Liquid FElectrolyte on Lithium Metal Anodes” then
compared lithium plating and stripping in Os-containing and Os-free electrolytes
and focused on differences in SEI composition and CE.

In the first publication, the solubilities of Oy, No and CO2 were investigated by
gas uptake measurements. It was found that for O2 and Ny there is a linear relation-
ship between In L and ¢ in pure solvents. In the future these findings can help to
estimate the solubility of Os in other solvents from the surface tension, which is of-
ten known, without the need for additional experiments. Even if the surface tension
is not known, it can be determined experimentally or simulated with less effort.87]
Furthermore, the effect of conducting salts on gas solubility was investigated. Re-
markably, an increase in Og solubility was observed for DMSO through the addition
of LiTFSI, i.e. a so-called salting-in effect. The COs solubility however decreases,
which means that the ratio of CO5 to Og solubility in the electrolyte depends on the
type and concentration of the conducting salt and can thus be modified. In later
experiments with larger conducting salts such as LiNFSI, the O2 solubility was fur-
ther increased in both DMSO- and diglyme-based electrolytes. It is often assumed
that the solubility of other components decreases when a conducting salt is added
due to the salting-out effect. The fact that this is not always the case shows that
the selection of the conducting salt offers a hitherto underestimated possibility of
specifically modifying the O2 solubility in the electrolyte. These results can also be
transferred to other electrolytes and thus be relevant for other metal-Os batteries
as well. All in all, valuable findings were obtained that will make it possible in the
future to predict the O2 solubility in new electrolytes or to develop tailored elec-
trolytes with optimized gas solubility. In addition, the diffusion coefficients of the
same gases in electrolytes and solvents were determined both experimentally and
calculated in MD simulations. A good qualitative agreement between experiment
and simulation was found. In the future, this may allow the partial elimination of
experiments, which can be replaced by simulations. Since a comparatively large
amount of solvent/electrolyte is needed for the experimental determination of diffu-
sion coefficients by gas uptake measurements, costs as well as environmental impact
and working time can be reduced. Overall, the results obtained in this publication
can help in the development of tailored electrolytes for Li—O9 batteries. The limit-
ing current density that can be achieved in the battery can be calculated directly
from the parameters H?® and D determined therein. Although other factors are
also relevant for electrolyte development, it is particularly important that the sol-
ubility and diffusion of Oy are as high as possible in batteries where fast charging
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and discharging is required. Additionally, the values measured here can be used by
researchers who work on simulations and models of processes in Li—O9 batteries.

In the second publication, it was shown that Os and COs have a positive influ-
ence on the stability of the lithium electrode. In a comparison of plating/stripping
experiments, the CE was significantly higher when the electrolyte was saturated with
the respective gas. In addition, it could be shown that the SEI in the O and CO»
containing electrolytes contained significantly less products of the TFSI degradation.
Both gases therefore have a positive influence on the formation of the SEI. Com-
pared with organic SEI-forming additives, they have the additional advantage that
they are very simple molecules and do not require complex synthesis. It is also in-
teresting to note that a significant improvement in CE in multiple plating/stripping
cycles was also observed, when only the initial plating was carried out in the respec-
tive gas atmosphere and the subsequent cycling took place in the Oz- and COq-free
electrolytes. In general, dissolved gases seems to be a promising approach to alter
the SEI on the lithium electrode and improve the CE. Therefore, also other gases
should be tested in future experiments. In order to gain a better understanding of
the processes taking place in the battery, gases such as CO or CoHy4, which emerge
from electrolyte degradation, are probably of particular interest in this context. The
fact that the CE in electrolytes containing COy was still significantly better than
in electrolytes containing only Oy shows that CO2 contamination from the ambient
air in Li-air batteries is not a problem, at least for the lithium electrode. Even
at the cathode, small amounts of dissolved CO5 do not seem to affect the perfor-
mance of the battery, hence a COs content of 0.1% in the air does not seem to be
a problem for battery operation.®) Even in Li-Os batteries with a gas reservoir,
one can therefore consider using a minimal amount of COs to increase the stability
of the lithium electrode. However, it has to be noted that also in this publication
it could not be conclusively clarified whether the dissolved Oz reacts directly with
the lithium electrode or whether the electrolyte degradation triggered by O plays
the decisive role in the formation of the SEI. To clarify this, further research in the
field is necessary. Additionally, we have demonstrated that the NPL on commercial
lithium foil also alters the SEI and causes greater deterioration of the electrolyte,
especially the conducting salt. The reactivity of the NPL differs significantly from
that of lithium plated on copper, with O having an opposite effect, resulting in
even more increased degradation of the conducting salt on the NPL. This under-
scores the importance of using fresh lithium when studying the SEI. Moreover it
offers an explanation for the observed negative impact of dissolved O2 and increased
side reactions that were observed in some studies.1314:89

Given that LIBs are making rapid progress and practical energy density con-
tinues to increase, it is unclear whether a Li-O2 battery can achieve significant
improvement in this regard. It is also questionable whether the Li—-O9 battery can
ever be developed to the point where commercialization is possible. Nevertheless,
research on Li—O9 batteries should be pursued further. On the one hand, there is
still a chance to solve the existing problems. Even if the Li-Oy battery will proba-
bly not be able to completely replace LIBs, there will be various application areas
with special requirements where the Li—O9 battery can be beneficial. The demand
for batteries is still high and a decline is not expected in the near future. On the
other hand, many findings from research on Li—Os batteries can be transferred to
other battery systems and thus contribute to their progress. This also applies to the
results of this thesis. The results obtained on solubility and diffusion of Oy are also
applicable to other metal Oy batteries (Na, Al, Zn, Mg). Since the understanding
of Oy solubility has been significantly improved in this thesis, it is also possible to
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estimate the solubility in electrolytes used in other metal O2 batteries. The results
from the second publication, on the other hand, may also prove useful for LMBs,
since both Os and COs have a positive effect on lithium electrode stability and can
be used to aid SEI formation. Also in LMBs, Oy may be present in the electrolyte if
it is formed by oxidation of the cathode materials. However, since LMBs mainly use
carbonate-based electrolytes, which are less stable to reactive oxygen species, only
COg is probably relevant for this battery type. Anyway, further experiments are
needed to clarify whether the improvements in CE with dissolved COg observed in
ether and DMSO-based electrolytes are also present in carbonate-based electrolytes.
In addition, longer plating stripping experiments with more cycles are necessary, as
well as cycling in full cells. The fact that freshly plated lithium behaves differently
than lithium foil with NPL shows that this should also be taken into account when
manufacturing batteries with lithium electrode. Since plated lithium causes less
LiTFSI degradation than lithium foils with NPL, the NPL should be removed or
anode-free concepts can be applied in the case of LMBs.

Overall, the understanding of the influence of Og on the lithium electrode was
significantly improved in this thesis. A particularly important point was to consider
the results in the context of previous publications, which made it possible to resolve
the existing contradictions in the literature. The work on gas solubility has also
shown that it can be very valuable to look at older literature in detail and also to
search outside the battery community. Furthermore, it is important to consider the
results outside the Li—Os context, as they may also be relevant for other battery
systems. Batteries are a very important part of our energy supply in the future and
the demand for them will not decrease in the next years, rather the opposite. There-
fore, it is important to continuously improve them, which makes further research
necessary, ideally also on Li—Oq batteries.
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Table S1: Surface tension at 25 °C given in mN m™. measured in this work, taken from
reference,’ °taken from reference.?

solvent surface tension / mN m™!

diglyme 29.4?

triglyme 31.8%

tetraglyme 33.5%

DMSO 42.9°
perfluorooctane 14.5¢
perfluorononane 15.4°
perfluorodecalin 19.4¢
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Figure S1: Radial distribution functions of Oz in 1 M LiTFSI solutions in (a) and (b) DMSO
and (c) and (d) diglyme. The distance of O> to different atoms of (a) and (c) the solvent and (b)
and (d) the TFSI anion is displayed. The colors are chosen according to the images of the
molecules: O red, C black, H gray, S yellow, N blue and F green.
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Figure S2: Graphical representation of the different diffusion coefficients in the pure solvents
and the solvents with 1 m of LiTFSI. The diffusion coefficient is represented by the area of the
circles. Oz is shown with red, N2 is shown with blue and CO: is shown with orange. D is
decreasing with the chain length of glyme ethers and lower in the solution with 1 m LiTFSI
compared to the pure solvents.
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Figure S3: Radial distribution functions of Li* in 1 m LiTFSI solutions in (a) and (b) DMSO
and (c) and (d) diglyme. The distance of Li* to different atoms of (a) and (c) the solvent and
(b) and (d) the TFSI anion is displayed. The colors are chosen according to the images of the
molecules: O red, C black, H gray, S yellow, N blue and F green.

References

1.J.J. Jasper, J. Phys. Chem. Ref. Data, 1, 841-1010 (1972).

2. M. G. Freire, P. J. Carvalho, A. J. Queimada, I. M. Marrucho, and J. A. P. Coutinho, J. Chem.
Eng. Data, 51, 1820-1824 (2006).

54



A.2. SUPPORTING INFORMATION ON PUBLICATION 2

A.2 Supporting Information on Publication 2

The Influence of Oxygen Dissolved in the Liquid
Electrolyte on Lithium Metal Anodes
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Figure 1: Plating/stripping experiments with only initial plating in CO, atmosphere compared to cycling
with constant gas pressure.
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Figure 2: Plating/stripping experiment with 40 mbar CO» partial pressure compared to 1 bar pressure of
CO,, Oy and Ar.
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2 O solubility in different electrolytes

Table 1: Henry's law solubility constant (H%) of O in different electrolytes given in mmol L~! bar~.
Average of at least three different measurements. 2 Taken froml[!l

Solvent Salt H(0g9)
DMSO 1M LiTFSI 2.7
Tetraglyme 1M LiTFSI 4.1#
Diglyme 1M LiOTf 5.6
Diglyme 1M LiONf 5.4
Diglyme 1M LiFSI 5.3
Diglyme 1M LiTFSI 5.9%
Diglyme 1M LiBETI 6.8
Diglyme 1M LiNFSI 7.6

3 Assignment of XPS peaks

a) b)
S 2p, F1ls

Counts / a.u.
Counts / a.u

o

175 170 165 160 690 685
Binding Energy / eV Binding Energy / eV

Figure 3: XP spectra of pure LiTFSI pulver. Small amounts of LiF and LiSO3 form due to X-ray or
sputter damage. However, the fraction of these species is much lower than on the Li electrodes.
Therefore, LiTFSI degradation is not caused by X-ray or sputter damage, but mainly by side reactions
during plating/stripping.
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Table 2: Assignment of XPS peaks. 2Taken from spectra of pure LiTFSI powder.

Line Compound Position Reference
Li 1s LiOH 54.9eV 23]
LiyCO3 55.5eV [2,3]
LixO 53.8¢eV 23]
O 1s LiOH 531.1eV 23]
Li;CO3 531.8eV 23]
Li,O 528.4eV [2.3]
S=0 533.0eV a
C1s CF; 292.9 eV a
Li;CO3 289.9eV [3:4]
0-C=0 288.6 eV
Cc-0 286.7eV
C-C,C-H 284.8e¢V wused for calibration
G2 283.3eV (4]
S 2p ~S0,-R  169.1eV a
Li»SO3 167.1eV [5,6]
SO from LisS, 163.4eV [5,6]
LisSs 160.9eV [5.6]
F 1s C-F 688.7¢V a
LiF 684.9eV [5,6]
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B ABBREVIATIONS AND SYMBOLS

B.1 List of Abbreviations

CE

CIP
DABCOnium
DEMS
diglyme, 2G
DMSO

DN

EIS

FEC

FT-IR

IL

LIB
LiBETI
LiBOB
LiFSI
LiNFSI
LiOTf
LiTFSI
LiTNFSI
LMB

MD

MeCN
NPL

OER

ORR

PC

PFC

RM

SEI

SEM

SSIP
tetraglyme, 4G
THF
triglyme, 3G
vC

XPS

XRD

Coulomb efficiency

contact ion pair
1-pentyl-1,4-diazabicyclo[2.2.2]octan-1-ium
differential electrochemical mass spectrometry
diethylene glycol dimethyl ether

dimethyl sulfoxide

donor number

electrochemical impedance spectroscopy
fluoroethylene carbonate

Fourier transform infrared spectroscopy
ionic liquid

lithium ion battery

lithium bis(pentafluoroethanesulfonyl)imide
lithium bis(oxalato)borate

lithium bis(fluorosulfonyl)imide

lithium bis(nonafluorobutanesulfonyl)imide
lithium trifluoromethanesulfonate

lithium bis(trifluoromethanesulfonyl)imide
lithium (trifluoromethanesulfonyl)(n-nonafluorobutanesulfonyl)imide
lithium metal battery

molecular dynamics

acentonitrile

native passivation layer

oxygen evolution reaction

oxygen reduction reaction

propylene carbonate

perfluorocarbons

redox mediator

solid-electrolyte interphase

scanning electron microscopy

shared solvent ion pair

tetraethylene glycol dimethyl ether
tetrahydrofurane

triethylene glycol dimethyl ether

vinylene carbonate

x-ray photoelectron spectroscopy

x-ray diffraction

o8



B.2. LIST OF SYMBOLS

B.2 List of Symbols
A

SCSHTITOT I

[
7]

]
=

Q=T 3 Oﬁ&ﬁ

surface area of an electrode
co-volume of a real gas
concentration

concentration of gas in the atmosphere
concentration of gas in the liquid
diffusion coefficient

interaction energy of a gas solute with a solvent
Faraday constant

Henry’s law solubility constant
mass-transport limiting current
Flux

Boltzmann constant

Ostwald coefficient

number of transferred electrons
pressure

capacity

radius

ideal gas constant

time

temperature

voltage

volume of gas

volume of solvent

distance

thickness of the Nernst layer
dynamic viscosity

mobility

surface tension
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